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Much of t h e  progress made in aerodynamics p r i o r  t o  the  space s h u t t l e  can be 
t r a c e d  d i r e c t l y  t o  design a n a l y s i s  made wi th  blow down, pulse ,  electric-arc heated 
gas  tunne l s  o r  t he  l ight-gas gun launcher.  This study proposes a d i f f e r e n t  
propuls ion  method using e lec t romagnet ic  launchers  t h a t  w i l l  accelerate models a t  a 
low cons tan t  rate t o  hyperve loc i ty  (3  t o  11 km/s). F r a g i l e  models, wi th  on-board 
sensors f o r  d a t a  a c q u i s i t i o n  can be used wi th  t h i s  launch system. 
The d a t a  from l a r g e  (high moment of mass) f l y i n g  models w i l l  provide s c a l e d  
i n p u t  f o r  computer models of advanced space  t r a n s i t i o n  a i r c r a f t .  Because t h e  b e s t  
wind t u n n e l s  today cannot s imula te  speeds h igher  than  about Mach 8 f o r  more than  a 
m i l l i o n t h  of a second, r e l i a b l e  d a t a  under q u a s i  s t eady  s ta te  cond i t ions  of i n t e r e s t  
is d i f f i c u l t  t o  obtain.  This  new f a c i l i t y  w i l l  be a b l e  t o  produce long f l i g h t s  
( g r e a t e r  t han  100 m s )  and s imula te  t h e  h e a t i n g  and atmospheric d i s s o c i a t i v e  e f f e c t s  
on a i r  as i f  an a i r c r a f t  were f l y i n g  in t h e  most upper reg ions  of t h e  e a r t h ' s  
atmosphere . 
During t h e  p a s t  decade, supercomputers have g radua l ly  moved i n  t o  s u b s t i t u t e  
f o r  wind tunne l s  in a wide range of s imula ted  f l i g h t  s i t u a t i o n s .  Even though t h e  
complexity of t h e  problem l i m i t s  s imu la t ion  t o  only a po r t ion  of a wing, o r  one 
s i d e  of a rudder,  t h i s  s i t u a t i o n  is f a s t  changing wi th  t h e  advent of l a r g e r  and 
f a s t e r  computers. The new launch c a p a b i l i t y  provides  a n  oppor tuni ty  t o  u t i l i z e  t h e  
supercomputers more e f f e c t i v e l y .  P r e d i c t i n g  f l i g h t  performance by computer is 
s i g n i f i c a n t ,  however, t e s t i n g  and c o r r e c t i n g  t h e  p r e d i c t i o n s  wi th  l a r g e ,  high-mass 
models in t h e  f l i g h t  environment c l o s e s  an important loop. It is because t h e  
e l ec t r i c  propuls ion  launch system can be configured as a slow (10,000 gees)  launch, 
t h a t  f r a g i l e ,  actual-shape models can be a c c e l e r a t e d ,  in one piece, a t  extreme 
a n g l e s  of a t t a c k  f o r  f l i g h t  study through t h e  atmospheric chamber. 
The i d e a  of t h e  e lectr ic  launch is an o ld  concept t h a t  has  only r e c e n t l y  been 
made p o s s i b l e  by advances in high energy p u l s e  power supp l i e s ,  energy s t o r a g e  
s y s t e m s ,  and swi tches  t h a t  manage t h e  d e l i v e r y  of r equ i r ed  energy a t  very h igh  power 
l e v e l s .  Two candida te  e lec t romagnet ic  launch systems which are being recommended 
f o r  t h i s  f a c i l i t y  are t h e  r a i l g u n  and t h e  coax ia l  induct ion  a c c e l e r a t o r  (co i lgun) .  
The electrornagnetic launcher (EML), unlike the light-gas gun, which is  sonic 
l i m i t e d ,  has  a much higher upper v e l o c i t y  l i m i t .  With a r a i l g u n  t h e  v e l o c i t y  is 
l i m i t e d  by t h e  depth of c u r r e n t  p e n e t r a t i o n  in t h e  rails ,  with an induc t ion  
a c c e l e r a t o r  t h e  frequency and vol tage  ob ta ined  wi th  r o t a t i n g  genera tors .  A launch 
system wi th  t h i s  extended boundary w i l l  p o t e n t i a l l y  allow t h e  t e s t i n g  of models in 
t h e  l a b o r a t o r y  t h a t  can w e l l  exceed t h e  v e l o c i t i e s  r equ i r ed  t o  represent  t h e  f l i g h t s  
of f u t u r e  earth-space t r a n s i t i o n  veh ic l e s .  
The Center  f o r  Electromechanics a t  t h e  Un ive r s i ty  of Texas a t  Austin (CEM-UT) 
has  performed a fou r  month f e a s i b i l i t y  s tudy  of a hypersonic real-gas f r e e  f l i g h t  
test f a c i l i t y  f o r  NASA Langley Research Center (LARC). This study addressed t h e  
f e a s i b i l i t y  of us ing  a high-energy EML, t o  accelerate complex models ( l i f t i n g  and 
n o n l i f t i n g )  in t h e  hypersonic, real-gas f a c i l i t y .  I s s u e s  addressed in t h e  r e p o r t  
i n c l u d e  : 
1 
Design and performance of t h e  a c c e l e r a t o r  (EML) 
0 Design and performance of t h e  power supply 
0 Design and opera t ion  of the sabot  and payload 
du r ing  a c c e l e r a t i o n  and separa t ion  
0 E f f e c t s  of high cu r ren t ,  magnetic f i e l d s ,  
temperature ,  and stress on t he  sabot  and payload 
0 S u r v i v a b i l i t y  of payload ins t rumenta t ion  dur ing  
a c c e l e r a t i o n ,  f l i g h t ,  and s o f t  ca t ch  
Discussion 
U n t i l  very r e c e n t l y ,  ae ronau t i ca l  eng inee r s  t e s t e d  t h e i r  designs in wind 
tunnels .  The Wright b ro the r s  introduced t h i s  concept dur ing  t h e  development of 
t h e i r  second g l i d e r .  The EML p laces  in t he  l a b o r a t o r y  the  unique a b i l i t y  t o  slowly 
accelerate very f r a g i l e  scale models t o  v e l o c i t i e s  of i n t e r e s t  f o r  the  X-30 o r  
Nat iona l  Aerospace Plane (NASP). The nonl inear  behavior  of t h e  mul t ip l e  shock two- 
s t a g e  l igh t -gas  gun launcher  can now be rep laced  by a s teady  10,000 gees EHL. 
J u s t  as important as the  method of launch,  i s  the  need f o r  hardened, on-board 
d a t a  a c q u i s i t i o n  sys t ems ,  made poss ib le  now by developments in smart weapons. These 
ins t ruments  and sensors  are designed wi th ,  and f a b r i c a t e d  by computer. Large 
amounts of paramet r ic  f l i g h t  d a t a  (half  a m i l l i o n  words) are poss ib le .  In  t h e  pas t ,  
i n - f l i g h t  d a t a  meant d a t a  from f u l l  scale prototypes.  F l i g h t  s enso r s  and r eco rde r s  
can naw f i t  wi th in  t h e  model t o  measure and record t h e  types of d a t a  obtained from 
f u l l  scale v e h i c l e s ,  a l though t h e  f l i g h t s  w i l l  n e c e s s a r i l y  be b r i e f .  
The problem as soc ia t ed  with e l e c t r o n i c  r e l i a b i l i t y  in t h e  EML environment is 
s i g n i f i c a n t ,  bu t  no t  insurmountable. So lu t ions  are descr ibed in a la ter  sec t ion .  
The a b i l i t y  t o  instrument  a model f o r  complete s u r f a c e  p re s su re  p r o f i l i n g  through 
a l l  v e l o c i t i e s  is j u s t  one new capab i l i t y .  
The Hypersonic Real-Gas Free F l i g h t  T e s t  F a c i l i t y  ( f i g .  1) can be used t o  
p r e c i s e l y  and sys t ema t i ca l ly  a d j u s t  the cons t an t s  t h a t  r ep resen t  a p a r t i c u l a r  set of 
f l i g h t  requirements.  This  is important because a v e h i c l e  e n t e r i n g  t h e  atmosphere a t  
j u s t  under escape v e l o c i t y ,  possesses 32,000 BTU/lb of energy. This  energy is 
transformed, through t h e  mechanism of gas-dynamic drag ,  i n t o  thermal energy in t h e  
a i r  around t h e  plane,  a f r a c t i o n  of which e n t e r s  t h e  v e h i c l e  as hea t .  This f r a c t i o n  
depends on t h e  c h a r a c t e r i s t i c s  of boundary-layer f low,  which is determined by the  
shape,  s u r f a c e  condi t ions ,  and Reynolds number. All of these  numbers can be de te r -  
mined f a i r l y  quick ly  dur ing  t h e  f l i g h t  of a c c u r a t e  models. 
In t h e  energy conversion equat ion,  i t  is important  t o  manage t h i s  given amount 
of energy in such a way t h a t  i t  becomes a p a r t  of t h e  f l i g h t  plan.  I f  heat  could be 
d i s s i p a t e d  dur ing  a long g l i d e ,  t h i s  would minimize s t r u c t u r a l  weight, hea t  








an aircraft will be determined by requirements for the hypersonic glide, so the 
subsonic handling and landing characteristics may be much worse than an F-4, which 
by some standards i s  uncontrollable. Solutions for flight stability problems can be 
developed in the flight facility. There is also a relationship between aerodynamic 
shapes, heat input, and structural material characteristics. If the Hypersonic 
Real-Gas Free Flight Test Facility were built, these and other issues could be 
studied experimentally and the results used to adjust computer simulations of full 
I scale devices. 
4 
HIGX ENERGY LAUNCHER FOR BALLISTIC IUWGE 
In t roduc t ion  
The proposed hypersonic real-gas f r e e  f l i g h t  test f a c i l i t y  is intended as a 
t e s t  s i g h t  f o r  s tudying  f l i g h t  behavior of space veh ic l e  models in a c t u a l  re-entry 
c o n d i t i o n s  (i.e. real  v e l o c i t i e s ,  atmospheres, and pressures) .  In t h e  proposed 
system, models are t o  be a c c e l e r a t e d  by an EML a t  a c c e l e r a t i o n  l e v e l s  of up t o  
10,000 gees. The models would c a r r y  ins t rumenta t ion  f o r  temperature and p res su re  
and range in l e n g t h  from 0.1 t o  0.6 m, and in mass from 5 t o  10 kg. V e l o c i t i e s  of 
i n t e r e s t  range from 2 t o  6 km/s. Simulated a l t i t u d e s  of t h e  test  range are from sea 
l e v e l  t o  120 km, and test atmospheres can be a i r ,  n i t rogen ,  o r  carbon dioxide. 
For t h i s  a p p l i c a t i o n ,  EMLs have two s t rong  a t t r i b u t e s .  F i r s t ,  because t h e  
models are e l e c t r i c a l l y  p rope l l ed ,  a c c e l e r a t i o n  p r o f i l e s  can be t a i l o r e d  f o r  each 
experiment as des i red .  For example, t h e  models can be a c c e l e r a t e d  a t  a cons t an t ,  
i n c r e a s i n g  o r  decreas ing  rate. Although the  proposed system has  a nominal upper 
limit on a c c e l e r a t i o n  of 10,000 gees, t h e  system can be designed t o  ope ra t e  a t  f a r  
h i g h e r  l e v e l s  of performance when needed. Future experiments could very w e l l  
r e q u i r e  t h e s e  h igher  a c c e l e r a t i o n s  t o  achieve v e l o c i t i e s  above 11 km/s. Second, 
EMLs can be recyc led  qu ick ly  t o  a l low a launch every hour. A launch f a c i l i t y  w i th  
t h i s  c a p a b i l i t y  could suppor t  t h e  experimental  development f o r  a number of p r o j e c t s ,  
p o s s i b l y  on a world bas i s .  
Energy c a l c u l a t i o n s  f o r  t h i s  launch s tudy  used a 40% overhead f a c t o r  f o r  sabot .  
This w i l l  permit a 10 kg model launch wi th  a 4 kg dr iven  sabot .  The launch energy 
can  be  c a l c u l a t e d  as follows: 
2 
E = - =  MV2 14(6000) = 252 W Tota l  Energy 2 2 
I where 
E = energy 
M = mass 
V = v e l o c i t y  
Technology t o  launch such e n e r g e t i c  payloads has been demonstrated on a smaller 
scale,  and wi th  suppor t  from t h e  Department of Defense (DoD), demonstrations w i l l  be 
made a t  t h e  9 M J  k i n e t i c  energy l e v e l .  The proposed hype rve loc i ty  test f a c i l i t y  
w i l l  c e r t a i n l y  r ep resen t  a unique and h ighly  v e r s a t i l e ,  world class a e r o n a u t i c a l  
d e s i g n  and test f a c i l i t y .  
5 
Launch Concepts And Theory 
Two candida tes  f o r  t h e  EML are t h e  r a i l g u n  and co i lgun  ( coax ia l  i nduc t ion  
a c c e l e r a t o r )  . Railguns accelerate p r o j e c t i l e s  by v i r t u e  of very high c u r r e n t  
through an  armature ( s o l i d  or plasma) a t t ached  t o  t h e  p r o j e c t i l e  ( f i g .  2). The 
c u r r e n t  f lowing in t h e  rails produces a magnetic f i e l d  between t h e  rails  which acts 
on the armature, ca r ry ing  the  same c u r r e n t  normal t o  the  f i e l d .  The armature 
expe r i ences  a f o r c e  p a r a l l e l  t o  t h e  ra i ls  as a r e s u l t  of t h e  i n t e r a c t i o n  of t h e  
c u r r e n t  in t h e  armature and the  magnetic f i e l d  between t h e  ra i ls .  
An e lec t romagne t i c  induct ion  launcher c o n s i s t s  of a system of s t a t o r  c o i l s  
which when connected t o  a multi-phase a l t e r n a t i n g  power source,  produces a t r a v e l i n g  
f i e l d  which accelerates an armature ca r ry ing  c u r r e n t s  induced by t h e  t r a v e l i n g  f i e l d  
( i n d u c t i o n  a c c e l e r a t o r )  o r  c a r r i e s  a s t o r e d  c u r r e n t  suppl ied  from a starter source  
( f i g .  3). The f a c t  t h a t  t h e  armature has  no e lec t r ica l  contac t  wi th  the  s t a t o r  and 
r i d e s  on t h e  t r a v e l i n g  magnetic wave, makes induc t ion  a c c e l e r a t o r s  very a t t r a c t i v e  
f o r  the  f r e e  f l i g h t  f a c i l i t y .  Regardless of t h e  type EML chosen f o r  t h e  f i n a l  
d e s i g n ,  t h e  launcher  must be a t  least 188 m long t o  s a t i s f y  t h e  maximum a c c e l e r a t i o n  
c a p  of 10,000 gees. 
This l e n g t h  sugges t s  the  launcher,  i f  a r a i l g u n ,  should be of t h e  d i s t r i b u t e d  
energy  s t o r a g e  type  (DES). D i s t r ibu ted  energy s t o r a g e  guns use d i s c r e t e  energy 
s t o r a g e  and swi tch ing  components a t  numerous l o c a t i o n s  along t h e  rails .  These 
s t o r e s  are c o n t r o l l e d  by a c t i v e l y  sens ing  p r o j e c t i l e  in-bore v e l o c i t y  and p o s i t i o n  
and d i scha rg ing  t h e  s t o r e s  accordingly. D i s t r i b u t e d  energy s t o r a g e  guns have two 
major  advantages,  where r a i l  l eng th  is a f a c t o r .  F i r s t ,  switching i n  s t o r e d  energy 
in d i s c r e t e  l o c a t i o n s  a long  the r a i l  minimizes r e s i s t i v e  l o s s e s  t h a t  breech-only f ed  
guns need t o  overcome. Second, pu l se  shaping of t h e  cu r ren t  waveform is p o s s i b l e ,  
making t h e  a c c e l e r a t i o n  p r o f i l e  easier t o  con t ro l .  
If a co i lgun  is used as an EML, i t  can be of t h e  pass ive ,  swi t ch le s s  i n d u c t i v e  
type  developed by CEM-UT. This type  EML has coax ia l  c o i l s  around t h e  launcher t h a t  
i nduce  eddy c u r r e n t s  in t h e  sabot ,  which is a c c e l e r a t e d  by t r a v e l i n g ,  a c c e l e r a t i n g  
magnetic waves, that  p u l l  and push on t h e  sabot.  This  is t h e  l i n e a r ,  t opo log ica l  
e q u i v a l e n t  t o  t h e  wound r o t o r  induct ion  motor. No electr ical  c o n t a c t s  are r equ i r ed  
on the s h u t t l e ,  and i t s  ve loc i ty  is con t ro l l ed  by the e lec t romagnet ic  wave which 
i n c r e a s e s  in frequency a t  the  end of t h e  launch and the  s l i p  between s h u t t l e  and 
stator f i e l d s .  The s h u t t l e ,  in t u rn ,  t r ansmi t s  t h e  a c c e l e r a t i n g  fo rce  on t h e  
payload by mechanical connection. 
Rai lguns  are powered by homopolar gene ra to r s  (HPGs)/inductor systems, 
compensated p u l s e  a l t e r n a t o r s  (compulsators) , o r  capac i tors .  Coilguns can be 
powered by r i s i n g  frequency gene ra to r s  ( R F G s ) ,  polyphase synchronous su rge  
g e n e r a t o r s ,  o r  from t h e  u t i l i t y  g r i d ,  i f  h igh  power and enough real estate i s  
a v a i l a b l e .  
E i t h e r  EML type a l lows  modular design. D i s t r ibu ted  energy s to rage  r a i l g u n s  are 
by t h e i r  n a t u r e  repea ted  subassemblies of energy store/switching/railgun. 
S i m i l a r l y ,  co i lguns  are made up of d i s c r e t e  c o i l s  and tube s t r u c t u r e s ,  mechanically 
a l i g u e d ,  and jo ined .  This modularity is very important I n  accommodating t h e  vary ing  
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Figure 2.  Operation of three component power supply 
Figure 3. Principle of coaxial accelerator 
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COAXIAL ACCELERATOR 
In t roduc t ion  
A prel iminary design performed a t  CEM-UT has l e d  t o  a pass ive ,  i ron- f ree ,  
modular coax ia l  a c c e l e r a t o r  (188 m long) ,  capable  of launching a load of 14 kg a t  6 
h / s  a t  a cons tan t  a c c e l e r a t i o n  of 10,000 gees.  Provis ions  have been made so t h a t  
t h e  same a c c e l e r a t o r  can a l s o  launch t h e  14 kg load a t  11 km/s, a t  a cons tan t  
a c c e l e r a t i o n  of 32,800 gees ,  by changing a few connect ions only ,  and by inc reas ing  
t h e  number and s i z e  of electrical  machines used as pulsed power supp l i e s  f o r  t h e  
system. 
The armature ( sabot )  is  e x c i t e d  by induced c u r r e n t s  which i n t e r a c t  with t h e  
t r a v e l i n g  ( a c c e l e r a t i n g )  magnetic wave produced by t h e  varying p i t c h ,  three-phase 
stator c o i l s .  E s s e n t i a l l y  the  armature " r ides"  t h e  magnetic wave and is subjec ted  
t o  a cons tan t  propel l ing  f o r c e  (and consequently cons tan t  a c c e l e r a t i o n )  d i s t r i b u t e d  
as a body f o r c e  i n s i d e  the  aluminum armature. During t h e  e n t i r e  cyc le  of ope ra t ion  
t h e r e  is no e lec t r ica l  contac t  between t h e  armature and t h e  c o a x i a l  acce le ra to r .  
The power suppl ies  are low impedance compulsators invented a t  CEM-UT i n  1978. 
T h e i r  parameter range f i t s  t he  c h a r a c t e r i s t i c s  of t h e  compulsator which CEM-UT i s  
under c o n t r a c t  from the  U.S. ArmyIDARPA, c o n t r a c t  number DAAA-21-86-C-0281, 
e n t i t l e d ,  "Repet i t ive  9 M J  Electromagnet ic  Gun Weapon System." However, electrical  
synchronous machines of cu r ren t  des igns  (manufactured by companies such as General 
Electric, Allis-Chalmers,  Westinghouse, A . S . E . A . ,  etc...) can be compensated and 
mechanical ly  and e l e c t r i c a l l y  upgraded, t o  s e r v e  as power s u p p l i e s  f o r  the  coax ia l  
l auncher  i n  t h e  high energy pulsed mode. 
Severa l  f e a t u r e s  have been devised t o  increase t h e  e f f i c i e n c y  of the  system. 
One was  t o  induce an i n i t i a l  cu r ren t  i n  t h e  precooled armature ( sabot )  us ing  a 
starter c o i l ,  s u b s t a n t i a l l y  reducing the  " s l i p "  necessary i n  o rde r  t o  maintain t h e  
secondary c u r r e n t  a t  the  necessary value. Another was t o  d i v i d e  t h e  s t a t o r  b a r r e l  
i n t o  s e v e r a l  d i s t i n c t  frequency zones, each being energized by a separate a l t e r n a t o r  
a t  the appropr i a t e  time, and each being e l e c t r i c a l l y  d i s t i n c t ,  while  magnet ical ly  
a l l  segments form a continuous a c c e l e r a t i n g  magnetic f i e l d  wave.  B o t h  of these 
f e a t u r e s  s u b s t a n t i a l l y  improve t h e  e f f i c i e n c y  of t h e  system. 
An even higher  e f f i c i e n c y  can be obtained--in t h e  future--by developing a new 
CFM-UT concept,  t h e  r i s i n g  frequency gene ra to r  (RFG) capable  of producing and 
d e l i v e r i n g  a n  increasing-frequency t r a i n  of pu l se s  t o  t h e  acce le ra to r .  A d i s c u s s i o n  
of t h i s  machine is presented i n  Appendix A .  
While not  included i n  t h e  requirements  f o r  t h e  c o a x i a l  launcher,  a n  
e lec t romagnet ic  braking s y s t e m  f o r  t he  sabo t  ( t r a v e l i n g  s h u t t l e )  may be appended, 
be ing  b u i l t  as a segment of t h e  b a r r e l  similar t o  t h e  o thers .  The connections of 
two s t a t o r  phases are reversed causing t h e  t r a v e l i n g  magnetic wave t o  reverse  i t s  
d i r e c t i o n ,  r e s u l t i n g  in d e c e l e r a t i o n  of t he  sabot .  
F i n a l l y ,  t he  c o n f l i c t i n g  requirements of a weak s t r u c t u r e  inhe ren t  t o  s t r a n d i n g  
and t r anspos ing  t h e  conductors f o r  t h e  windings of t h e  coax ia l  a c c e l e r a t o r  and t h e  
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electr ic  gene ra to r s ,  t oge the r  wi th  the  n e c e s s i t y  f o r  a mechanically and s t r u c t u r a l l y  
s t r o n g  o v e r a l l  system have been resolved by t h e  fo lded  p l a t e  transposed conductor, a 
CEM-UT invention. The conductor b u i l t  accord ing  t o  t h i s  i nven t ion  has high packing 
f a c t o r ,  r e t a i n s  good mechanical p r o p e r t i e s  and is f u l l y  compatible wi th  t h e  f r e -  
quency range and t h e  f a b r i c a t i o n  procedures used f o r  t h e  coax ia l  acce le ra to r s .  
System Desc r ip t ion  
The system, shown in f i g .  4 is comprised 
l each module being energ ized  by i t s  own pulsed e l  
of a modular coax ia l  a c c e l e r a t o r ,  
c t r i c  1 machine. The 14-kg projec- 
t i l e  (sabot  and payload) is acce le ra t ed ,  a t  a cons t an t  a c c e l e r a t i o n  of 10,000 gees ,  
t o  a n  exit  v e l o c i t y  of 6 km/s by the  t r a v e l i n g  magnetic wave produced by t h e  
c u r r e n t s  i n  t h e  t h r e e  phase s t a t o r .  An a d d i t i o n a l  requirement was t o  launch a s i m i -  
l a r  p r o j e c t i l e  (14 kg) t o  almost double t h e  v e l o c i t y  (11 km/s). Table 1 presen t s  
d i f f e r e n t  op t ions  i n  which t h e  second requirement can be accommodated. 
The l a s t  des ign  op t ion  was chosen, such t h a t  t h e  same a c c e l e r a t o r  is used t o  
l aunch  t h e  14 kg load  a t  1 1  km/s. Due t o  t h e  modular cons t ruc t ion  of t h e  b a r r e l ,  
on ly  a small number of connections must be changed. I n  a d d i t i o n ,  t h e  number of 
power s u p p l i e s ,  t h e i r  s i z e ,  and frequency r a t i n g s  w i l l  be increased .  
The t h r e e  main components of t h e  system are: t h e  launcher,  t h e  pulsed e lectr i -  
cal  machines r e p r e s e n t i n g  t h e  power supply,  and t h e  p r o j e c t i l e .  
a. The launcher  has  an i d e a l  l eng th  of 188 m and an  a c t u a l  l e n g t h  of 192 m 
excluding  t h e  "starter c o i l "  which is 1.2 m long  and a n  end c o i l  6 m long- 
- the  t o t a l  l e n g t h  approaching 200 m. The s tandard  u n i t  c o i l ,  which forms 
t h e  base f o r  t h e  modular cons t ruc t ion  is 0.15 m long. 
For t h e  6 km/s v a r i a n t ,  t h e  a c c e l e r a t o r  is div ided  i n t o  four  e l e c t r i c a l l y  
independent,  bu t  magnetically series connected segments. Each p a r t  is 
48 m long  and has 14, 8, 7, and 7 segments r e s p e c t i v e l y ,  each segment 
having a d i f f e r e n t  pole p i t c h  i n  o r d e r  t o  match t h e  power supply in s t an -  
taneous frequency with t h e  v e l o c i t y  of t h e  armature pass ing  through t h e  
r e s p e c t i v e  segment. 
b. The power supply is configured of f o u r  cornpulsators s t o r i n g  179, 211, 242 
and 274 MJ. While t h e  p r o j e c t i l e  is pass ing  through the  segment, only 
ha l f  of t h e  s t o r e d  energy is used. The frequency and vo l t age  of t h e  
a l t e r n a t o r s  drops t o  70% of t h e  i n i t i a l  va lue  ( f o r  i n s t ance  i n  t h e  l a s t  
s t a g e  t h e  frequency drops from 480 t o  340 Hz). The c u r r e n t  per elementary 
t u r n  is maintained cons tan t  a t  477 kA, t h e  impedance dropping a t  t h e  same 
ra te  as t h e  vo l t age  and frequency. 
v a r i e s  from 8.73 kV f o r  t h e  f i r s t  g e n e r a t o r  t o  29.9 kV f o r  t h e  f o u r t h  one. 
I f  i n s t e a d  a p a r a l l e l  connection is used w i t h  f o u r  pa ths  in p a r a l l e l ,  t h e  



































i n i t i a l  vo l t age  becomes 2.18 and 7 . 4 8  kV f o r  t he  f i r s t  and the  las t  of t h e  
compensated a l t e r n a t e r s  while  t h e  cu r ren t  increases  t o  1.9 MA, cons tan t  
f o r  a l l  t h e  genera tors .  
The above va lues  f o r  t h e  c u r r e n t s  and vol tages  are rms and per  phase. 
Figure 5 g ives  t h e  diagram of t h e  frequency and vol tage  v a r i a t i o n  f o r  each 
compensated a l t e r n a t o r  in t he  d ischarge  time f o r  each of the  four  p a r t s  of 
t h e  launcher.  A t  t h e  bottom of t h e  diagram the  energy s to red  by each com- 
p u l s a t o r  is given. 
C. The armature is a t h i n  aluminum s h e l l  with an OD of 0.457 m and a l eng th  
of 0.3 m. In t h e  course  of design,  two va lues  f o r  t h e  th ickness  were con- 
s ide red ,  0.3 and 0.4 c m ,  r e spec t ive ly .  Provis ions are made t o  i n i t i a l l y  
coo l  t h e  armature a t  l i q u i d  n i t rogen  temperature. A starter c o i l  w i l l  
induce an  i n i t i a l  c u r r e n t  i n  t h e  armature,  t hus  maintaining the  " s l ip"  and 
t h e  corresponding l o s s e s  a t  a reasonable  value. The nominal value f o r  t h e  
armature (secondary) c u r r e n t  is 1.49 x 106 A f o r  t h e  6 km/s launcher  and 
2.91 x 106 A f o r  t he  11 km/s launcher  var ian t .  
System Analys is  
Hain Parameters 
This s e c t i o n  p resen t s  t h e  prel iminary ana lys i s  and design of a c o a x i a l  
a c c e l e r a t o r  and the  corresponding power supply required t o  e lec t romagnet ica l ly  
accelerate a mass of 14 kg t o  6 km/s. A t  t h i s  e x i t  ve loc i ty ,  t h e  k i n e t i c  energy of 
t h e  p r o j e c t i l e  is: 
W = *' = 314)(6,000)2 = 252 x 10 6 J 
P 
For cons tan t  a c c e l e r a t i o n  of 10,000 gees = 98,100 m / s 2  t h e  i d e a l  l eng th  of t h e  
launcher  is: 
Connections between segments of t he  s t a t o r  winding i n c r e a s e  t h i s  l eng th  t o  
188 1. Addi t iona l  s t a r t i n g  c o i l s  and f i n a l  segment extends t h e  l eng th  t o  196 m. 
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t a - a  6,000 - 61.16 x 10-3s a 98,000 
The average a x i a l  f o r c e  a c t i n g  on the  p r o j e c t i l e ,  i n  t he  d i r e c t i o n  of motion 
is: 
6 F = Ma 1.373 x 10 N 
A v a r i a n t  of t he  system uses  the  same coaxia l  launcher ( b a r r e l )  by changing a 
few connections t o  launch a 1 4  kg p r o j e c t i l e  a t  11 km/s. I n  t h i s  case  the  k i n e t i c  
energy of t he  p r o j e c t i l e  a t  the  end of t he  launch is: 
W1 = *I2 = 3 1 4 ) ( 1 1 , 0 0 0 ) 2  = 847 x 10 6 J 
P 
The a c c e l e r a t i o n  is: 
at = - =  v ' L  (ll'OOO)L = 3.218 x lo5 = 32.8 kGee 2 
S 
2 s  2 x 1.88 
The f o r c e  a c t i n g  on the  p r o j e c t i l e  is: 
6 F1 = Ma' = 1 4  x 3.218 x lo5  = 14.505 x 10 N 
and the  launch t i m e  is: 
Launcher Conf igura t ions  
A s e c t i o n  through a prel iminary ve r s ion  of a coaxia l  a c c e l e r a t o r  des ign  is 
presented  i n  f i g u r e  6. The s t a t o r  c o i l s  (primary) are disposed c i r cumfe ren t i a l ly  
a long  t h e  launcher bore. 
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Figure 6. An earlier version of a coaxial launcher 
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The large dimensions of t he  s t a t o r  c o i l s  i n  t h e  i n i t i a l  stages of t h e  
a c c e l e r a t o r  are explained by the  need t o  induce t h e  e n t i r e  secondary cu r ren t  in t h e  
e a r l y  moments of t h e  launching. A s u b s t a n t i a l  r educ t ion  in t h e  s i z e  of these  c o i l s  
is achieved by us ing  a “ s t a r t e r  segment” whose r o l e  is t o  induce t h e  secondary 
c u r r e n t  i n  t h e  p r o j e c t i l e  j u s t  before  launching. 
Then, t h e  s t a t o r  winding becomes uniform, of equal  t h i ckness  along the  b a r r e l ,  
and c a n  be  made from i d e n t i c a l ,  s tandard  c o i l s  ( f ig .  7a). A t h i r d  v a r i a n t  of s t a t o r  
winding p resen t ing  manufacturing advantages is  shown i n  f i g u r e  7b. Later in t h i s  
r e p o r t ,  a more d e t a i l e d  d i scuss ion  of t he  s t a t o r  des ign  w i l l  be presented. 
The armature of t h e  induct ion  launcher is a c t u a l l y  t h e  aluminum sabot  of t h e  
p r o j e c t i l e .  It has  t h e  same o u t e r  diameter and l e n g t h  f o r  both 6 and 11 lads des ign  
v a r i a n t s ;  only t h e  th i ckness  being different--0.3 and 0.4 cm r e spec t ive ly .  The 
armature  is i n i t i a l l y  cooled a t  l i q u i d  n i t rogen  temperature. 
Electromechanical Cons idera t ions  
F igu re  8 p resen t s  schemat ica l ly  the  s t a t o r  winding and the  corresponding 
magnetic f l u x  p l o t  f o r  a tubu la r ,  l i n e a r  i nduc t ion  motor. The s t a t o r  winding i s  
assumed t o  have a cons t an t  po la r  p i t c h  T. 
I n  t h e  t y p i c a l  3-phase winding of a convent iona l  i nduc t ion  motor, the  3-phase 
system of c u r r e n t s  energ iz ing  t h e  s t a t o r  produce a t r a v e l i n g  r o t a t i n g  wave 
p rogres s ing  wi th  a speed: 
120f 
5 -  5 P 
where 
ns = rpm of the field wave 
f = the frequency of the e x c i t a t i o n  cu r ren t  
p = number of po les  
I n  t h e  t u b u l a r  l i n e a r  induct ion  motor ( f i g .  8) t h e  v e l o c i t y  of the  magnetic 
f i e l d  t r a v e l i n g  down t h e  launcher is: 
vs 2Tf 
where 
Vs = t r a v e l i n g  f i e l d  v e l o c i t y  ( m / s )  
‘I = p o l a r  p i t c h  (m) 
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C -B A -C B -A 
c 288 cm 
a) normal, successive phase coil design 
288 cm.-j 
4 32 b- 96 cm+ 96 cm -+-64 c m d  
cm 
b) layered phase design 
Figure 7. Segment of stator winding of a coaxial launcher 
with identical coils 
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Figure 8. Schematic of stator phases and resulting 
flux plot for tubular, linear motor 
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f = frequency of t h e  e x c i t a t i o n  c u r r e n t s  (H2) 
The v e l o c i t y ,  V, can be c o n t r o l l e d  a long  the  launcher b a r r e l  by varying e i t h e r  
f requency ,  f ,  o r  t h e  p o l a r  p i t c h ,  T, or both. The need f o r  c o n t r o l l i n g  t h e  v e l o c i t y  
of tbe t r a v e l i n g  magnetic wave i n  o r d e r  t o  o b t a i n  an a c c e l e r a t i n g  f i e l d  wave ar ises  
from e f f i c i e n c y  cons idera t ions .  
From the  theory of t h e  convent iona l  i nduc t ion  motor i t  is known t h a t  t h e  
e f f i c i e n c y  f o r  s t a r t i n g  ope ra t ion  (expressed i n  energy terms) i s  less than 50%. For 
each  u n i t  of energy s t o r e d  k i n e t i c a l l y  i n  t h e  r o t o r ,  a g r e a t  amount is d i s s i p a t e d  in 
t h e  J o u l e  hea t ing  of t h e  r o t o r  by s l i p  lo s ses .  
I n  exac t ly  t h e  same manner, a p r o j e c t i l e  acce le ra t ed  from rest by a cons t an t  
v e l o c i t y  t r a v e l i n g  f i e l d  w i l l  be s u b j e c t  t o  t h e  same s l i p  l o s s e s ,  which amount t o  
WPJ, f o r  t h e  e n t i r e  launch period: 
t t 
= /FpsVTp d t  = m V /s $t 
TFO 
P 0 'PJ 
Changing t h e  i n t e g r a t i o n  l i m i t s  , 
where 
and 
Fp = f o r c e  app l i ed  t o  p r o j e c t i l e  (N) 
mp = p r o j e c t i l e  mass (kg) 
v = i n s t an taneous  speed of p r o j e c t i l e  ( m / s )  
VTF = speed of t r a v e l i n g  f i e l d  ( m / s )  
x 100 = s l i p  (percent )  'TF - 
'TF 
8 '  
Acce le ra t ing  from rest t o  the  speed of t h e  t r a v e l i n g  f i e l d  and n e g l e c t i n g  f r i c t i o n  
l o s s e s  g ives  a minimum energy loss, of:  
Ac tua l ly  t h e  p r o j e c t i l e  does not  reach  t h e  speed of t r a v e l i n g  f i e l d  ( f i g .  9a)  and 
t h e  energy loss is  g iven  by: 
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L (length) 
Traveling f i e l d  speed and p r o j e c t i l e  speed for  
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b)  Two s tage  acce lerat ion 
L (length) 
c)  Acceleration using continuous pole-pitch 




-(m ( V  - v)dv = mp(VTF VM 
'PJl P TF 
where 
= p r o j e c t i l e  ou tput  v e l o c i t y  ( a t  t he  muzzle of the  launcher) VM 
For  a two s t aged  system ( f i g .  9b) comprising two t r a v e l i n g  f i e l d  speeds,  t h e  
energy l o s s  dec reases  considerably: 
V 
'PJ2 - v)dv +fmbVTF2 - v)dv 
vi 
vM 
= *'TFI I f  t he  in t e rmed ia ry  speed Vi = - and VTF2 2 
The number of stages can be f u r t h e r  i nc reased ,  improving t h e  energy e f f i c i e n c y  
and reducing  t o  a minimum t h e  J o u l e  l o s s  in t h e  p r o j e c t i l e ,  ( f i g .  9c). A t  t h e  l i m i t  
t h i s  corresponds t o  a continuous i n c r e a s e  i n  t h e  pole p i t c h  ( f i g .  10) o r  a 
cont inuous  change in t h e  c u r r e n t s  producing a t r a v e l i n g  f i e l d  ( f i g .  8 ) .  The 
a c c e l e r a t i n g  t r a v e l i n g  f i e l d  w i l l  i d e a l l y  be followed c lose ly  by t h e  p r o j e c t i l e  
keeping t h e  s l i p  (and consequently,  t h e  l o s s e s )  a t  cons tan t  low values. 
Power Supplies 
The manner of ob ta in ing  an a c c e l e r a t i n g  f i e l d  i s  t o  continuously vary t h e  
supply  frequency. Th i s  way, t h e  a rmature  is acce le ra t ed  down an e s s e n t i a l l y  
c o n s t a n t  p i t c h  s t a t o r  winding, ( f i g .  8) t h e  d r i v i n g  frequency i n c r e a s i n g  wi th  
a rmature  v e l o c i t y .  Of course,  t h i s  is j u s t  t h e  oppos i te  of what happens i n  an 
a l t e r n a t o r  o r  compulsator as i n e r t i a l l y  s t o r e d  energy is ext rac ted .  Add i t iona l ly ,  
as t h e  speed v o l t a g e  of t h e  a c c e l e r a t o r  rises, i t  i s  d e s i r a b l e  f o r  t h e  vo l t age  of 
t h e  gene ra to r  t o  r ise as  w e l l .  For t h i s  p r o j e c t  a combination of the  two t e c h n i c a l  
s o l u t i o n s  proposed above i s  chosen--a po le  p i t c h  v a r i a t i o n  combined wi th  a change i n  
t h e  power supply frequency. 
However, t h e  frequency of t h e  power s u p p l i e s  w i l l  be increased step-wise ( f i g .  
4) ( i n  f o u r  s t e p s  f o r  t h e  6 km/s v a r i a n t ,  in t e n  s t e p s  f o r  11 km/s var i an t ) .  I n s i d e  
one p a r t i c u l a r  s t e p ,  t h e  constancy of t h e  a c c e l e r a t i o n  f o r  t h e  t r a v e l i n g  wave i s  
achieved by a po le  p i t c h  v a r i a t i o n  ( f i g .  11). As it becomes c l e a r  from i n s p e c t i o n  



































































Figure 11. Variable pitch (graded) winding 
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o t  f i g u r e  4, an  add i t iona l  increase  of t he  po la r  p i t c h  i s  necessary,  t o  compensate 
f o r  t h e  speed and frequency drop due t o  the  machine discharge.  The compensated 
pulsed a l t e r n a t o r s  proposed f o r  such a t a s k  are low i n t e r n a l  impedance gene ra to r s  
capable  of high discharge currents and high d i scha rge  torque, s i m i l a r  i n  kind t o  the  
s e l f  exc i t ed  pass ive ly  compensated pulse  a l t e r n a t o r ,  which CEM-UT is cont rac ted  t o  
f a b r i c a t e  f o r  t he  U.S. Army. Large electrical  synchronous machines of cu r ren t  
des igns  manufactured by e s t ab l i shed  companies, may a l s o  be compensated and 
e l e c t r i c a l l y  and mechanically upgraded t o  se rve  as  pulsed power supp l i e s  f o r  t h e  
c o a x i a l  launcher.  
I n  t h e  f u t u r e ,  t h e  RFG, a CEM-UT concept ,  is proposed t o  meet the  power supply 
requirements  of t he  coaxia l  acce le ra tor .  Th i s  device,  which is i n  t he  i n i t i a l  
development s t age ,  can u t i l i z e  t h e  electrical  genera t ing  conf igura t ion  of an 
a l t e r n a t o r ,  low impedance a l t e r n a t o r ,  o r  compulsator, s ing le  o r  nu l t iphase .  It 
c o n s i s t s  of a r o t o r  and a s t a t o r  having a moment of i n e r t i a  many times higher  than 
t h e  r o t o r  (a n a t u r a l l y  occurr ing s i t u a t i o n  which can be t a i l o r e d  by design)  both of 
which a r e  i n i t i a l l y  r o t a t i n g  i n  the  same d i r e c t i o n ,  t he  s t a t o r  r o t a t i o n a l  speed 
be ing  somewhat higher.  The e l e c t r i c a l  frequency of the  output ,  of course,  i s  a 
f u n c t i o n  of t he  d i f f e r e n t i a l  speed, % - +, as i s  the  generated voltage.  As power 
i s  generated,  equal  and opposi te  torques w i l l  be appl ied t o  the  r o t o r  and s t a t o r ,  
and t h e  r o t o r  w i l l  change speed faster (slow down) due t o  i t s  lower i n e r t i a .  As t h e  
r o t o r  slows, t h e  d i f f e rence  between r o t o r  and s t a t o r  speed inc reases ,  i nc reas ing  
frequency and output  vol tage and achieving t h e  des i r ed  a f f e c t .  
By matching t h e  generator  vo l tage ,  f requency,  r o t o r  and s t a t o r  i n e r t i a s ,  and 
i n i t i a l  v e l o c i t i e s  t o  the  requirements of t he  coax ia l  acce le ra to r ,  an i n t e g r a t e d  
power supply /acce lera tor  system can be designed. An important p a r t  of t h i s  
i n t e g r a t i o n  i s  done by mounting t h e  p u l s e  gene ra to r  e x c i t a t i o n  source on t h e  same 
s h a f t  as the  pulse  generator  thus  forming a "cascade" of e l e c t r i c a l  machines 
e s s e n t i a l  t o  o b t a i n  the  proper e lectromechanical  energy conversion. 
A v a r i a n t  of t h i s  RFG concept involves  using a s t a t i o n a r y  s t a t o r  wi th  a 
r o t a t i n g  magnetic f i e l d  produced by a multiphased ac e x c i t a t i o n  current .  
Electromagnet ic  Principles I 
Eliminating the use  of i r o n  f o r  t h e  magnetic c i r c u i t  permits an inc rease  i n  
a c c e l e r a t o r s  t h i s  means the  a n a l y t i c a l  t o o l s  of equiva len t  c i r c u i t s  and the  theory  
and methodology of design r e l a t e d  t o  such t o o l s  must undergo s i g n i f i c a n t  
modi f ica t ions  . 
I e l e c t r i c a l  machine performance, e s p e c i a l l y  f o r  pulsed operation. For induc t ion  
I 
1 The equiva len t  c i r c u i t  v a r i a n t s  ( f i g s .  12a and b) consider s e r i e s  o r  paral le l  
connect ions and t ake  i n t o  account both parts of t he  accelerator--the p r o j e c t i l e  
f i l l e d  segment and t h e  rest of t he  b a r r e l ,  which i s  many times longer. 
The f i r s t  s e c t i o n  of t he  equiva len t  c i r c u i t  corresponds t o  the length  of t h e  
p r o j e c t i l e  (neg lec t ing  a l l  t he  edge e f f e c t s ) ,  t h e  second takes  i n t o  account t h e  rest 
of the b a r r e l  (L - a )  where, i n  add i t ion  t o  t h e  energy l o s s  i n  the  s t a t o r ,  only 








( l - a I R 1  (1 4 x 1  ----------- 







SEGMENT - R2 
a S  
REST OF THE BARREL CURRENT 
- - R. xnl 
R , X 1  
SEGMENT x* 
1-a 1-a 
1 -a U 1 -a 
0 I I I 
b) p a r a l l e l  connection 
Figure 12. Equivalent c i r c u i t r  for  induction acce lerator  
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Using a similar treatment as in classical theory of linear induction motors 
[1,2],  in the short secondary variant, the accelerating force is: 
- - 
x 2  a 2  R2 + -  s + (F) 1 + (F) 
L -  m - -  1 -  
I 
, Optimizing the system for a maximum force-to-loss ratio, assuming a constant 
stator resistance, Rl, the value of the product between the force and the speed of 
the traveling field, FV, per unit stator loss results: 
FV s -= 
n 
which can be optimized further by considering R2X, as a variable. 
where 
R1 and R2 = resistances of the primary and secondary circuits 
X, = manetizing reactance 
11 = stator current 
Onuki and Laithwaite [3] propose an optimization looking for the minimum stator 
length with the additional requirement of a permissible heat loss based on 
Euler-Lagrange's equations: 
s = slip 
m V  a -4 1 1 v - v  
avs 2FR (- + ;;-)VTF 
x~ m 
m 
am (vS - V) 
+ X  = o  
9 3  
where X = Lagrange multipliers 
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imposing t h e  c o n s t r a i n t s  mentioned above. 
It has  been shown t h a t  e f f i c i e n c y  c o n s i d e r a t i o n s  exclude t h e  use of an  
induc t ion  a c c e l e r a t o r  w i th  uniform p r o p e r t i e s  per  u n i t  l e n g t h  of s t a t o r .  A 
cont inuous ly  vary ing  p i t c h ,  a continuously i n c r e a s i n g  supply frequency dur ing  t h e  
launch, o r  a combination of both requires changes i n  the  use  of t h e  equ iva len t  
circuit as a t o o l  f o r  modeling of t h e  machine p rope r t i e s .  For a computer-based 
des ign ,  a time marching procedure, cont inuous ly  changing t h e  parameters of t h e  
equ iva len t  c i r c u i t  as t h e  p r o j e c t i l e  advances through t h e  b a r r e l  was used. Such an  
i t e r a t i v e  procedure t akes  i n t o  account t h e  i n f l u e n c e  of t h e  t r a n s i e n t  processes  
produced by swi tch ing  t h e  symmetric system of vo l t ages  i n t o  t h e  a c c e l e r a t o r ,  and 
a l s o  t h e  in f luence  of parameter v a r i a t i o n s ,  (supply frequency, reac tances ,  p o l a r  
p i t c h ,  resistance change due t o  f i e l d  d i f f u s i o n  and temperature rise) [ 4 , 5 ] .  
The des ign  was done segment by segment ( f o r  t h e  s t a t o r  winding) us ing  TEXMAP, a 
f i n i t e  element e lec t romagnet ic  code developed a t  CEM-UT. The speed of t h e  
p r o j e c t i l e  a t  any i n s t a n t ,  and a t  any poin t  a long  t h e  b a r r e l  i s  a func t ion  of t h e  J 
x B f o r c e s  and t h e  speed h i s t o r y  s ince  the beginning of t h e  launch, such t h a t  a 
r e c u r s i v e  procedure is used f o r  each segment of t h e  machine, i n  a "space" marching 
a lgor i thm.  
F igu res  13a and b shows t he  p r o j e c t i l e  i n  an  asymmetric p o s i t i o n  i n  t h e  
t r a v e l i n g  magnetic f i e l d ,  without using the s t a r t i n g  c o i l  a t  two moments i n  t i m e .  
The d i f f e r e n c e  i n  t h e  magnetic f l u x  conf igu ra t ion  is due t o  t h e  f i e l d  d i f f u s i o n  i n t o  
t h e  p r o j e c t i l e .  Another a n a l y t i c a l  t o o l  used f o r  eva lua t ing  t h e  performance of t h e  
c o a x i a l  a c c e l e r a t o r  is  t h e  phasor diagram ( f i g .  1 4 ) .  
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Figure 13. Magnetic f i e l d  diffusion i n  the p r o j e c t i l e  at the 
moments (a) t - 4 m s  and (b) = 1Oms 
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Figure 14. Phasorial diagram for the coaxial accelerator 
(stator segment containing the projectile) 
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STATOR WINDING DESIGN 
The s t a t o r  winding i s  a t h r e e  phase t u b u l a r  winding producing a t r a v e l i n g  wave 
of magnetic f l u x  a long  t h e  barrel when energized.  Usually one phase of t h e  s t a t o r  
winding i s  made of a series of a l t e r n a t i v e l y  po la r i zed  c o i l s  spaced a p a r t  a t  a 
d i s t a n c e  equal  t o  t h e  p o l a r  p i t c h  and producing a lone  a s t and ing  magnetic f l u x  wave, 
which p u l s a t e s  i n  t i m e  w i th  t h e  frequency of t he  s i n u s o i d a l  c u r r e n t  f lowing through 
the winding. The success ion  and relative d i s p o s i t i o n  of a l l  t h r e e  phases is shown 
i n  f i g u r e  7a which i l l u s t r a t e s  a segment of one of t h e  b a r r e l  windings. Each phase 
c o i l  has  an  even number of t u r n s ,  half  of d i r e c t ,  ha l f  of i n v e r s e  po la r i ty .  The 
c o i l s  of a l l  t h r e e  phases produce by supe rpos i t i on ,  t h e  t r a v e l i n g  f i e l d  wave. The 
elementary s tandard  c o i l  used, i n  series and parallel  combination, t o  manufacture 
each of t h e  segments of t h e  s t a t o r  b a r r e l  winding i s  shown i n  f i g u r e  15. The 
dimensions inc lude  t h e  i n s u l a t i o n  ( turn- to- turn and phase-to-phase) and t h e  
t r a n s p o s i t i o n  and s t randing .  
The one s e r i o u s  disadvantage of the  s tandard  conf igu ra t ion  winding wi th  the  
i n t e r p h a s e  connect ions,  i s  t h a t  they form an a d d i t i o n a l  o u t s i d e  s t r u c t u r e ,  which the  
voluminous, and s i n c e  t h e  connect ions r e q u i r e  t h e  same cross-sec t iona l  area as the  
winding i t s e l f  t h e  des ign  of t h e  bus s t r u c t u r e  i s  important.  Also t he  p r o j e c t i l e ,  
fo l lowing  t h e  t r a v e l i n g  wave i s  subjec ted  cont inuously t o  phase-to-phase e lectr ic  
p o t e n t i a l s .  Because of t h e s e  drawbacks, t h e  winding s e l e c t e d  f o r  t h e  present  design 
i s  a l ayered ,  d i s t r i b u t e d  winding shown in f i g u r e  7b reproduced f o r  convenience as 
f i g u r e  16. 
Each l a y e r  ( i n n e r ,  middle, and o u t e r )  carries only one phase, and t h e  t o t a l  
magnetomotive f o r c e  (mmf) is  obtained by supe rpos i t i on  and by the  choice of the  
phase angle  between d i f f e r e n t  layers .  For a g iven  segment of l eng th  L, t h e  sum of 
d i f f e r e n t  m m f s  is: 
- 
mmf = B - 1/3z - 1/3x 
The condition f o r  a symmetric polyphase system of mmf is: 
- 
A + X + 7i - 0, a t  any moment 
then  
o r ,  s u b s t i t u t i n g  i n  t h e  o r i g i n a l  r e l a t i o n  f o r  t h e  winding segment of length  L: 
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Figure 15. Elementary coil (one turn) for standard winding 
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Figure 16. Segment of layered distributed stator winding 
for the coaxial launcher 
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Comparing f i g u r e s  7a and 7b, i t  can be seen t h a t  t he  d i s t a n c e  over which phase 
B is spread  is twice as much i n  the  d i s t r i b u t e d  winding. Then f o r  equal  condi t ions  
t h e  r e s u l t i n g  mmf of the  t r a v e l i n g  wave is only 413 x 1/2 - 2/3 or 66% of t h e  
o r i g i n a l  concent ra ted  winding. 
However, t h e  loss of 1/3 of the mmf r ep resen t s  a favorable  trade-off not only 
f o r  t h e  e l imina t ion  of complicated phase in te rconnec t ions ,  bu t  a l s o  f o r  an easy  
manufactur ing process.  The windings f o r  a phase run cont inuously,  only the  p o l a r i t y  
be ing  success ive ly  reversed. I n s u l a t i o n  between phases is app l i ed  uniformly. The 
p r o j e c t i l e  t r a v e l i n g  down the  b a r r e l  sees along the  s t a t o r ,  a d i s t r i b u t e d  vol tage ,  
which f o r  a l l  p o s i t i o n s  i s  r e l a t i v e l y  small, r equ i r ing  comparatively t h i n  l a y e r s  of 
i n s u l a t i o n .  
The t rade-off  mentioned above is  made more a t t r a c t i v e  by the  inc rease  i n  
packing f a c t o r  f o r  a th inne r  fo lded  p l a t e  conductor. As w i l l  be shown a t  the  end of 
t h i s  r e p o r t  t h e  inc rease  i n  the  elementary conductor length ,  i n  a s t randed and 
completely t ransposed conductor us ing  t h e  folded p l a t e  method is: 
a2 + W2 + h2 
a Ka = 
where 
a = l eng th  
w = width 
h = he igh t  
The concent ra ted  winding r e q u i r e s  15 l a y e r s  per  conductor, corresponding to :  
(0.74)2 + (15 - 1)2x (0.04)2 + (0.055)2 
0.74 Ka' = 
which l eads  t o  a d c  r e s i s t a n c e  inc rease  c o e f f i c i e n t  of:  
= = 1.578 
where 
KR = c o e f f i c i e n t  of r e s i s t a n c e  
K, = p r o p o r t i o n a l i t y  cons tan t  f o r  eddy 
c u r r e n t  l o s s  
A d i s t r i b u t e d  winding, f i v e  l a y e r s  of t h i n  p l a t e  per conductor, l eads  t o  a reduced 
d c  r e s i s t a n c e  c o e f f i c i e n t  of only: 
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$11 = ( K e 1 1 ) 2  = 1.16 
which p a r t i a l l y  o f f - s e t s  the  l o s s  of e f f e c t i v e  turns .  
There is a disadvantage in using t h e  layered ,  d i s t r i b u t e d  winding, introduced 
by the d i f f e r e n c e  in t h e  diameter between t h e  o u t e r  and inner  phase. I n  t h e  present  
case, however t h e  r e l a t i v e  d i f f e rence  is small ( t h e  phase conductor is only 5 mm 
t h i c k ,  compared t o  467 mm-the I D  of t he  launcher  bore).  Provis ions  have been made 
i n  t h e  design t h a t  t he  phase l a y e r s  change p l aces  ( t ranspose)  16 times f o r  t h e  6 
km/s l auncher  which w i l l  produce t h e  des i r ed  symmetry. 
The s t a t o r  winding has  four  e l e c t r i c a l l y  d i s t i n c t  parts. Each p a r t  is  48 m 
long  and is energized from a sepa ra t e  compulsator. While e l e c t r i c a l l y  d i s t i n c t ,  
they are magnet ica l ly  continuously connected, producing an unin ter rupted  t r a v e l i n g  
f i e l d  wave, such t h a t  t he  secondary ( p r o j e c t i l e )  passes  smoothly from one p a r t  t o  
another .  Each p a r t  has  a d i f f e r e n t  number of segments, each having a d i f f e r e n t  pole  
p i t c h  ( t h e  segment l eng th  is  equal  t o  pole  p i t c h  length) .  Table 2 gives  synopt ic  
d a t a  f o r  t h e  f o u r  p a r t s  of the  launcher winding. Tables 3A, B,  C and D g ive  t h e  
dimensions of i n d i v i d u a l  segments in d i f f e r e n t  p a r t s  of t he  winding which, when 
energ ized  wi th  t h e  corresponding f requencies  w i l l  provide the  continuous t r a v e l i n g  
wave. The winding is manufactured from elementary t u r n s  of 15 c m  length ,  c a r r y i n g  a 
c u r r e n t  of 238.5 kA (rms) each o r  1.59 x lo6 A/m--producing a f l u x  d e n s i t y  l i n k i n g  
t h e  secondary of 1.95 T (rms) o r  2.75 T (maximum)--as a r e s u l t  of a j o i n t  a c t i o n  of 
a l l  t h r e e  phases. The th ickness  of a phase conductor is 0.5 mm and a packing f a c t o r  
of 0.5. The hea t ing  of the  primary winding is 79.6 O C  above the  ambient 
temperature ,  i nc lud ing  t h e  e f f e c t  of t he  h igher  harmonics. 
The winding requirements descr ibed i n  t a b l e s  3A t o  D do not  inc lude  two special  
s e c t i o n s  of t h e  launcher.  The f i r s t  is t h e  "starter c o i l "  necessary  f o r  inducing 
t h e  secondary c u r r e n t  in t h e  armature, r i g h t  before  launching. As documented, such 
a starter c o i l  reduces t h e  necessary " s l i p " ,  e l imina t ing  t h e  n e c e s s i t y  t o  produce 
much s t r o n g e r  f i e l d s  f o r  i n i t i a t i o n  of secondary current l ead ing  t o  a more 
economical s t a t o r  design and an improvement of o v e r a l l  performance of t he  en - t i r e  
system. The second s p e c i a l  s ec t ion  of t h e  launcher  is a f i n a l  s e c t i o n  4.2 m long 
which has  the  r o l e  of producing a gradual  decreas ing  impulse as t h e  p r o j e c t i l e  
l e a v e s  t h e  a c t i v e  p a r t  of t h e  ba r re l .  This  gradual  f l u x  change avoids  high t r a n s i e n t  
c u r r e n t  b u r s t s  and unnecessary p r o j e c t i l e  beat ings.  It a l s o  prevents  high f o r c e  
t r a n s i e n t s  which w i l l  nega t ive ly  e f f e c t  no t  only t h e  p r o j e c t i l e  but a l s o  the  last  
s e c t i o n  (muzzle) of t h e  ba r re l .  
Starter C o i l  (Secondary Current Initiation) 
An e s s e n t i a l  d i f f e r e n c e  between t h e  induc t ion  acce le ra to r  and i t s  s teady-s ta te  




Total # of Frequency range 
segment s (Hz 1 
14 240 to 110 
8 320 to 225 
7 400 to 280 




0 to 48 m 
48 t o  96 m 
96 to 144 m 





Table 3A. Stator winding (barrel)  with variable 














































Table 3B. Stator winding (barre l )  with variable  pole p i t c h  






























Table 3C. Stator winding (barrel)  with variable po le  p i t ch  



























Table 3D. Stator winding (barre l )  with variable  pole  p i tch  




























build-up i n  the  secondary. The acceptable  r a t e s  f o r  t he  s t eady- s t a t e  induct ion  
machines is between four  and seven cyc les  of t he  power supp ly  vol tage  (0.066 t o  0.12 
8 )  f o r  a 60-Hz frequency--an acceptable  de lay  when compared with the  1 t o  3 8 ,  
electromechanical  s t a r t i n g  time. For the  proposed induct ion launcher  the  t o t a l  
launch time is 0.061 s, which r equ i r e s  s p e c i a l  means t o  reduce the  cu r ren t  build-up 
time i n  the  p r o j e c t i l e .  
Such cons idera t ions  have led t o  "starter c o i l "  as a prel iminary s t a g e  of t h e  
a c c e l e r a t o r .  It rep resen t s  t he  i n t e g r a t i o n  of a pulsed t ransformer with t h e  low 
speed of a l i n e a r  motor, inducing the  necessary secondary cu r ren t  from t h e  beginning 
of  the cyc le ,  and i n j e c t i n g  the  p r o j e c t i l e .  The starter c o i l  is a 0.9 m long c o i l  
w i th  an  ID of 0.467 m and an OD of 0.74 m. It has a v e l o c i t y  of 10 m / s  f o r  t he  
t r a v e l i n g  f i e l d .  
The s t a r t e r  c o i l  power supply is a separate 25 kVA, 3,000 V, synchronous 
machine modified t o  opera te  i n  pulsed mode. The changes c o n s i s t  i n  rewinding the  
armature i n  order  t o  f i t  t h e  parameters of t h e  starter c o i l s  and t o  pas s ive ly  
compensate i t  by using a copper s q u i r r e l  cage on the  f i e l d  p a r t  and la teral  copper 
r i n g s ,  t o  s h i e l d  the  endturns. Figures 17a and b show the  super-posi t ion of t he  
magnetic f i e l d  i n  the  starter c o i l  and the  magnetic f i e l d  c rea t ed  by the  induced 
c u r r e n t  i n  the  p r o j e c t i l e .  Figure 18 shows a v a r i a t i o n  i n  t i m e  of t he  cu r ren t  i n  
t h e  secondary of two d i f f e r e n t  types of p r o j e c t i l e s  considered. 
Power Supply C h a r a c t e r i s t i c s  
The power suppl ies  are e l e c t r i c a l  machines, low impedence compensated 
a l t e r n a t o r s .  They discharge,  transforming the  k i n e t i c  energy s to red  i n  t h e  r o t o r  
i n t o  a t r a i n  of s inuso ida l  p u l s e s  of high vol tage ,  high cu r ren t  of appropr i a t e  
frequency i n  order  t o  produce the  acce le ra t ed  t r a v e l i n g  f i e l d  wave. 
The cornpulsator was invented a t  CEM-UT i n  1978. CEM-UT is under c o n t r a c t  
(number DAAA-21-86-C-0281) t o  bui ld  a se l f - exc i t ed  compulsator. Such a machine has 
a vo l t age  of 8,500 V and a cu r ren t  equal t o  5 x lo6 A ,  s t o r i n g  236 MJ of k i n e t i c  
energy. The apparent  power of t he  machine is: 
I 
3 9 S = 8.5 x 10 x 5 x lo6 = 42.5 x 10 VA = 45.5 GVA 
Table 4 shows t h e  c h a r a c t e r i s t i c s  for  t h e  four  compulsators proposed t o  d r i v e  
t h e  f o u r  p a r t s  of t he  coaxia l  a c c e l e r a t o r s ,  6 km/s var i an t .  They are connected f o r  
a cons t an t  cu r ren t  of 0.477 MA, corresponding t o  0.3 m of b a r r e l  length.  Since t h e  
stator of t he  launcher is modular, connecting elementary c o i l s  i n  series and 
p a r a l l z l ,  t h e  necessary vol tage and cu r ren t  can be changed, t he  apparent  power (GVA) 
remaining t h e  same, and serv ing  a s  a b a s i s  f o r  comparison. 
I From the  comparison, t h e  conclueion can be reached t h a t  t h e  compulsator being 
b u i l t  a t  CEM-UT has parameters which are of t h e  same order  of magnitude as those  f o r  




Figure 1 7 .  Transient magnetic f i e l d  p r o j e c t i l e  i n  s t a t o r  coi l  
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0 - PROJECTILE: L I 427.5 cm 










Figure 18. Variat ion i n  time of the current induced 
i n  the  p r o j e c t i l e s  
4 3  
Generator Voltage range Current Maximum apparent 
(W (MA) power (GVA) 
I 14-95  t o  10-50  0.477 2 1 - 1 0  
I1 14-95 t o  14.00 0.477 2 8 - 1 6  
I11 2 4 - 9 0  t o  17.45 0 - 4 7 7  35 .14  
I V  29.92 t o  21-20  0.477 4 2 - 8 2  




The compulsator uses  i n e r t i a l  energy s to rage  and can produce a b u r s t  of pu l se  
o r  even a cont inuous chain of pulses .  Since i t s  invent ion  i n  1978 ,  CEM-UT has  b u i l t  
and t e s t e d  t h r e e  compulsator v a r i a n t s .  The machine l i s t e d  a t  t h e  end of t a b l e  4 is 
t h e  f o u r t h  genera t ion ,  and is being designed, b u i l t  and t e s t e d  under U.S. Army 
c o n t r a c t  t o  demonstrate a f i e l d  po r t ab le  " rap id  f i r e  e lec t romagnet ic  gun system". 
Due t o  t h e  f i e l d  po r t ab le  condi t ion ,  t h i s  i ron - l e s s  compulsater has  t o  s a t i s f y  very 
s t r i n g e n t  weight and compactness requirements  which g r e a t l y  a f f e c t s  i t s  design. For 
t h e  NASA launcher  p r o j e c t  which i s  a s t a t i o n a r y  power supply,  wi th  r e l axed  weight 
and compactness requirements,  a less expensive e lectr ical  machine will be b u i l t .  
Such a machine might have an i r o n  core.  
Another p o s s i b i l i t y  considered i n  t h i s  p r o j e c t  was t o  compensate and mechani- 
c a l l y  and e l e c t r i c a l l y  upgrade, f o r  pulsed ope ra t ion ,  l a r g e  synchronous machines 
manufactured by one of s eve ra l  e s t a b l i s h e d  companies i n  the  U.S. o r  Europe. Sui t -  
a b l e  des igns  are manufactured by General Electric, Allis Chalmers, Westinghouse in 
t h e  U.S., ASEA in Sweden, Siemens i n  West Germany and Brown-Boveri i n  Switzerland. 
An example in t h i s  d i r e c t i o n  is t h e  upgrade of a water-wheel a l t e r n a t o r  as the  
pulsed-power supply--the Texas Experimental  Tokamak, f o r  which a d e t a i l e d  design w a s  
performed [ 6 ] .  Table 5 shows t h e  energy s t o r e d  and t h e  frequency range f o r  t h e  four  
g e n e r a t o r s  used in t h i s  pro jec t .  
For t h e  1 1  km/s v a r i a n t ,  t h e  coax ia l  launcher  remains t h e  same. It w i l l  be, 
however s p l i t  in 8 p a r t s  of 24 m each and s e v e r a l  connections w i l l  be modified. A 
s e p a r a t e  e lec t r ica l  machine, us ing  i d e n t i c a l  s t o r a g e  w i l l  pu l se  each of t h e  e i g h t  
p a r t s .  The c u r r e n t  through t h e  elementary c o i l  0.15 m wide is 432 o r  864 kA through 
a 0.3 m wide c o i l .  Table 6 gives  vol tage  ranges and t h e  maximum ins t an taneous  power 
f o r  t h e  f o u r  pulsed,  compensated genera tors .  
The c u r r e n t  has  considerably increased  from t h e  6 km/s v a r i a n t .  Also, t o  keep 
t h e  phase vol tage  wi th in  reasonable  bounds s e v e r a l  paths  i n  p a r a l l e l  have been 
introduced--leading t o  some p a r a l l e l  connect ions between the  elementary c o i l s .  In 
s p i t e  of doubling t h e  number of machines, due t o  t h e  inc reas ing  frequency,  and t h e  
i n c r e a s e  in t h e  velocity--the apparent  power has  very l a r g e  values .  Table 7 g ives  
t h e  va lues  of k i n e t i c  energy s t o r e d  by each machine and the  corresponding frequency 
range ( i n i t i a l  and f i n a l ) .  
Project llc 
The secondary of t he  coax ia l  launcher  is a s h e l l  of aluminum 0.457 m in 
diameter ,  0.30 m long and 0.004 m th ick .  Aluminum was chosen a f t e r  a s tudy  t o  f i n d  
t h e  material which has  t h e  optimum balance of t h e  dens i ty ,  s t r e n g t h ,  electrical con- 
d u c t i v i t y ,  and s p e c i f i c  heat.  
I n i t i a l l y ,  us ing  t h e  starter c o i l  a c u r r e n t  of 1.49 x 106 A will be induced in 
t h e  armature,  corresponding t o  a c u r r e n t  d e n s i t y  of 1.24 x 109 A/m2 in t h e  conductor 
volume of 1.723 x m3. 
I 
The t o t a l  h e a t i n g  of t he  secondary dur ing  t h e  launching is t = 246OC above t h e  
ambient temperature  due t o  the  s l i p ,  j o u l e  l o s s e s  in t he  armature and eddy c u r r e n t s  
45  







Frequency Range Energy Stored 
(Hz) (MJ) 
240 t o  170 17 9 
320 to 225 211 
400 t o  280 242 
480 to 340 27 4 
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Table 6.  Generators: vo l tages ,  currents ,  and instantaneous power 
Generator Voltage range 
(kV) 
I 1.72 to  1.2 
I1 3.43 t o  2.4 
111 5.2  t o  3.6 
IV 6.9 t o  4.8 
V 8 .6  t o  6 
V I  10.3 t o  7.2 
VI1 12 t o  8.4 






















Generator s Frequency range 
(Hz 1 
I 110 t o  7 7  
I1 220 t o  154 
111 330 t o  231 
IV 440 t o  308 
V 550 t o  385 
VI 660 t o  462 
VI1 7 7 0  to 539 













due t o  the magnetic r ipple .  If the inf luence of the higher f i e l d  harmonics i s  added, 
the t o t a l  heating above the ambient temperature reaches (At) t o t a l  = 268'C. The 
increase  i t s  t i m e  constant.  
I secondary w i l l  be i n i t i a l l y  cooled a t  l iqu id  nitrogen temperature i n  order t o  
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RAILGUN ACCELERATOR 
I n t r o d u c t i o n  
Another candidate  technology f o r  t he  EML is t he  ra i lgun.  The r a i l g u n  armature 
is d r i v e n  by a body f o r c e  r e s u l t i n g  from t h e  i n t e r a c t i o n  of a s e l f  exc i t ed  magnetic 
f i e l d  and the  cu r ren t  i n  the  armature ( f i g .  19). Unlike convent ional  guns, which 
are l i m i t e d  by the  expansion r a t e  of chemical gases,  t he  r a i l g u n  can achieve m c h  
h i g h e r  v e l o c i t i e s .  Veloci ty  l i m i t s  encountered t o  da t e  a r e  due i n  p a r t  t o  armature 
i n s t a b i l i t i e s  and cu r ren t  d i f f u s i o n  c h a r a c t e r i s t i c s .  A s  of 1986, p r o j e c t i l e s  
launched from small r a i lguns  have achieved v e l o c i t i e s  of 10 lads. 
The s impl i f i ed  equat ion of f o r c e  i n  a r a i l g u n  is: 
w h e r e  
F = f o r c e  on t h e  p r o j e c t i l e  
I = cur ren t  i n  t h e  armature o r  p r o j e c t i l e .  
L' = inductance per  u n i t  l eng th  of the  ra i lgun  
Railguns a c c e l e r a t e  p r o j e c t i l e s  by pass ing  a high cur ren t  through an armature 
pos i t i oned  between two r a i l s .  As the  cu r ren t  passes through the  armature the  
i n t e r a c t i o n  of t he  magnetic f i e l d  and t h e  cu r ren t  creates a f o r c e  which a c c e l e r a t e s  
t h e  armature and p r o j e c t i l e  along the  rails. The force  is propor t iona l  t o  the  
squa re  of t he  cur ren t .  Using t h i s  technique,  very high cu r ren t s  c r e a t e  a c c e l e r a t i o n  
f o r c e s  lead ing  t o  hyperve loc i t ies .  
Background 
The Center f o r  Electromechanics a t  The University of Texas a t  Austin is 
c u r r e n t l y  launching small p r o j e c t i l e s  a t  6 lads, and expanding t h i s  c a p a b i l i t y  
toward the  energy l e v e l s  required by the  hypersonic real-gas f a c i l i t y .  Power 
s u p p l i e s  are now ava i l ab le  and a c c e l e r a t o r s  are being b u i l t  t o  launch 2 kg a t  3 
krn/s, Our ongoing research  i n  high speed s o l i d  armatures r e s u l t e d  i n  concepts f o r  
t h e  success fu l  r e p e t i t i v e  launch of high mass payloads (10 kg) a t  hypersonic  
v e l o c i t i e s  (6 b / s ) .  Previous and on-going s t u d i e s  performed by CEM-UT are l i s t e d  
i n  Appendix B. 
To perform t h i s  type of launch CEM-UT proposes the cons t ruc t ion  of a m u l t i - r a i l  
r a i l g u n  wi th  plasma gas bear ing sabot  ( launch veh ic l e ) ,  which can be used repea ted ly  
wi thout  reworking o r  rep lac ing  a c c e l e r a t o r  components ( f i g .  20). 
The fol lowing is a l i s t i n g  of goa ls  and c o n s t r a i n t s  necessary t o  launch high- 
mass veh ic l e s  i n  the  hypersonic f a c i l i t y :  
T o t a l  p ro jec ted  mass: 14  kg 
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PARALLEL CONDUCTING RAILS= 
Figure 19. Railgun basic concept 
5 1  
5 2  
. 
Veloc i ty :  6 h / s  
P r o j e c t i l e  k i n e t i c  energy: 
Maximum a c c e l e r a t i o n :  
Minimum launch t i m e :  
E - W 2 / 2  = (14)(6,000)2/2 = 225 MJ 
98,100 m / s 2 ,  10,000 gees  
t = V/A = 6,000/98,100 = 61 m s  
To launch a t o t a l  p r o j e c t i l e  mass of 10 kg i n  the form of a f l i g h t  model t o  
t h e  v e l o c i t y  of 6 km/s would r e q u i r e  a cons tan t  f o r c e  of 98,100 N. 
Fmax = w a x ,  where M i s  mass, A is  a c c e l e r a t i o n  
f Fmax = 14 kg x 98,100 m / s 2 ,  where cq = f r i c t i o n  f a c t o r  = 0.8 
Fmax 1.72 x lo6 N 
0.25 Fmax = 0.43 x 106 N f o r  each of 4 r a i l  p a i r s  
The c u r r e n t  necessary  t o  gene ra t e  t h i s  f o r c e  is, based on t h e  equation: 
F = L'12/2  
Solving f o r  t h e  va lue  of I ,  assuming a va lue  of 0.41 vH/m f o r  L' , and a l s o  assuming 
uniform c u r r e n t  d i s t r i b u t i o n  over  t h e  c r o s s  s e c t i o n  of the  ra i lgun .  
I = 1.45 MA f o r  each of t h e  four  ra i ls  
Ipeak from t h e  HPG/I 2.9 MA 
This  s p e c i a l  four  r a i l  r a i l g u n  conf igu ra t ion  ( f i g .  21) has  the  advantage of 
lowering t h e  i n d i v i d u a l  r a i l  c u r r e n t s  t o  achieve the  i n i t i a l  launch ob jec t ive ,  and 
a l lows  a n  i n c r e a s e  in cur ren t  as t h e  launch o b j e c t i v e s  advance, without mel t ing t h e  
rails .  Opposing ra i ls  are wired i n  series t o  in su re  equal  c u r r e n t s  (and equal  
f o r c e s )  a long  a n  a x i s  ( f i g .  22), and ser ia l  p a i r s  of r a i l s  connected in p a r a l l e l  t o  
a s i n g l e  power source.  
The va lue  of L' is dependent on t h e  cu r ren t  pene t ra t ion  in t he  ra i ls  near t h e  
p r o j e c t i l e .  Although t h e  va lue  of L' v a r i e s  l i t t l e  over a wide range of gun con- 
s t r u c t i o n s ,  t h e  va lue  was c a l c u l a t e d  us ing  f i n i t e  element methods t o  determine t h e  
gun performance and was found to be 0.41 pH/m f o r  one of the four  r a i l  cross 
s e c t i o n s  shown i n  f i g .  23. I (1.09 MA) i s  the  cu r ren t  i n  each ra i l  with t h e  
assumption t h a t  t h e  c u r r e n t  d e n s i t y  i s  uniform over  t h e  c ros s  sec t ion .  
Railgun Construction 
Because of t h e  inhe ren t  r e s i s t a n c e  i n  a long r a i lgun ,  and the  l a r g e  cu r ren t  
r equ i r ed  t o  p rope l  t h e  p r o j e c t i l e ,  normally, s h o r t  r a i l  s e c t i o n s  are used t o  reduce 
t h e  ohmic loss .  For t h i s  design,  however, t h e  ind iv idua l  s to rage  modules are 
connected t o  s e c t i o n s  of t h e  cont inuous ra i ls  and switched in very c lose  t o  t h e  
armature. This  i s  r e f e r r e d  t o  as d i s t r i b u t e d  energy s t o r e  (DES) [7]  ( f i g .  24). DES 
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Figure 22. Electrical hook-up for mlti-railgun 
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Figure 24. Distributed energy source 
57 
s t o r e d  energy a t  d i s c r e t e  l o c a t i o n s  along t h e  r a i l s  minimizes t h e  r e s i s t i v e  l o s s e s  
t h a t  a breech-fed gun would need t o  overcome. Second, a number of d i s c r e t e  power 
supply  modules can be used t o  add up t o  t h e  t o t a l  amount of energy r equ i r ed  f o r  t h e  
launch. 
Railguns can be repeated subassemblies of energy s t o r e ,  and swi tch ing  elements,  
povering t h e  continuous r a i l s  of t h e  launcher.  This modularity w i l l  be a n  important 
aspect in achiev ing  t h e  ope ra t ing  performance and f o r  varying t h e  c a p a b i l i t i e s  of 
t h e  hypersonic  f a c i l i t y .  The minimum l e n g t h  of t h e  launcher is represented  by t h e  
e q u a t i o n  : 
where 
V = v e l o c i t y  
A = a c c e l e r a t i o n  
s 5 d i s t a n c e  t r ave led ,  
s = 180 m 
This assumes a cons tan t  a c c e l e r a t i o n  on t h e  armature, t h a t  would r e s u l t  in a 
minimum launch length .  However, because of t h e  d i scha rge  and swi tch ing  
c h a r a c t e r i s t i c s  of t h e  power source (HPG/I), t h e r e  is a drop i n  c u r r e n t  as each 
s e c t i o n  d i scha rges  which n e c e s s i t a t e s  a d d i t i o n a l  gun l eng th  f o r  each segment. 
Synchronous Switching of Energy S t o r e  
In a DES launch sys t em,  i t  is important t o  time t h e  d i s c r e t e  charg ing  of t h e  
r a i l s  wi th  t h e  a c c e l e r a t i o n  of t h e  p r o j e c t i l e  along t h e  rails. An obvious way t o  
time t h e  swi tch ing  is t o  d e t e c t  t he  a r r i v a l  of the  p r o j e c t i l e  a t  d i f f e r e n t  p o i n t s  
a long  t h e  launcher and switch in t h e  next energy s t o r e .  The p r o j e c t i l e  e s s e n t i a l l y  
r i d e s  a magnetic wave which is e a s i l y  de t ec t ed  as a sharp  f i e l d  r e v e r s a l  and t h i s  
signal can be de t ec t ed  and used t o  swi tch  in the next  s t o r e  w i t h  an accuracy of 1 
PS . I 
The shape of t h e  magnetic wave which accompanies the  armature,  being sharp ,  
p rov ides  an edge t o  time a switching sequence connecting t h e  next  energy s t o r e  t o  
t h e  next r a i l  module. The previous s t o r e  must a l s o  be disconnected when d ischarged  
t o  p reven t  r e v e r s a l  of energy flow. I 
I 
I 
Init ial  Acce le ra t ion  
I 
To reduce t h e  chance of damage a t  t h e  r a i l g u n  breech when the  p r o j e c t i l e  is 
a c c e l e r a t e d  from rest, the  p r o j e c t i l e  can be prelaunched and moving be fo re  t h e  ra i ls  
are energized. A simple pneumatic c y l i n d e r  w i l l  g ive  the  p r o j e c t i l e  an i n i t i a l  





swi tched  i n t o  t h e  cy l inde r  by a f a s t  a c t i n g  e lec t r ic  valve. As t h e  p i s t o n ,  which 
pushes t h e  sabo t ,  reaches the  extended p o s i t i o n ,  t h e  EML cyc le  w i l l  begin. 
Method f o r  Dece lera t ing  Sabot 
An important aspec t  of t h e  launch is t h e  model s epa ra t ion  from t h e  sabot.  The 
model n u s t  be allowed t o  f l y  clear of t h e  sabo t  without t i p p i n g  o r  i n t e r f e r i n g  i n  
any way wi th  t h e  designed launch a t t i t u d e .  
An oppor tuni ty  e x i s t s  wi th  t h e  EML t o  r eve r se  t h e  launch system ( f i g .  26) t o  
d e c e l e r a t e  t h e  sabot alone. This sudden d e c e l e r a t i o n  of t he  sabo t  w i l l  allow t h e  
model t o  launch a t  t h e  des i r ed  v e l o c i t y  of 6 km/s. To perform t h e  d e c e l e r a t i o n ,  a 
f i n a l  r a i l g u n  module is engaged. 
T h i s  f i n a l  module would be pre-energized wi th  two capac i to r  banks t o  e s t a b l i s h  
a r e v e r s e  f i e l d  between t h e  ra i ls .  I n  t h i s  arrangement, t h e  s a b o t  I s  ac ted  on by a 
h igh  f o r c e  in t h e  r eve r se  d i r e c t i o n  from t h a t  of t h e  launch. The power genera ted  
could  be wasted by hea t ing  a water v a t  wi th  submerged r e s i s t o r s  dur ing  t h i s  
d e c e l e r a t i o n  phase of t h e  launch, ( f i g .  27).  
The load r e s i s t o r s  should be ad jus t ed  t o  provide c o n t r o l l e d  d e c e l e r a t i o n  f o r  
t h e  s a b o t  and a l low t h e  model t o  f l y  clear,  sending t h e  model on i t s  way through t h e  
f l i g h t  chamber. Af t e r  t h e  model clears t h e  sabot ,  t h e  sabot  can be dece le ra t ed  with 
much more a u t h o r i t y ,  dumping approximately 80 MJ of k i n e t i c  energy i n t o  ho t  water. 
It r e q u i r e s  approximately 1 MJ t o  b o i l  a pound of water, so 15 g a l  would need t o  be 
added t o  t h e  tank before  each launch. This may be an  important f e a t u r e  of a quick 
turnaround cyc le  f o r  t h e  hypersonic labora tory .  It is i r o n i c  t h a t  t h e  power 
c a p a c i t y  from ac ross  two s ta tes  cannot d e l i v e r  t h e  power f o r  a launch y e t  t h e  energy 
t o  b o i l  3 buckets of water w i l l  quench i t .  
Power Source 
A 14 kg mass s t o r e s  252 MJ of k i n e t i c  energy at  6 km/s. The rai lgun must 
impar t  t h i s  same amount of energy i n t o  t h e  model during t h e  launch i n  o rde r  t o  
s u c c e s s f u l l y  achieve t h e  launch ob jec t ive .  To achieve  a c o n t r o l l e d  surge of c u r r e n t  
of t h i s  o rde r  of magnitude, r a i l g u n s  are powered by homopolar gene ra to r / induc to r  
(HPG/I)  systems, compulsators, o r  capac i to r s .  
Capac i to r s  are q u i t e  o f t e n  used as a primary energy s t o r a g e  device f o r  small 
r a i l g u n s .  With the  use of a c los ing  swi tch ,  t h i s  energy can be app l i ed  t o  a 
l aunche r  by allowing c u r r e n t  t o  flow from a bank of many capac i to r  s t o r e s .  Capac i tor  
banks are r e a d i l y  a v a i l a b l e  t h a t  can s t o r e  60 MJ, but a t  s i g n i f i c a n t  cos t .  Curren t  
g a t h e r i n g  from t h e  l a r g e  bank r equ i r ed  f o r  t h e  program is t he  problem. 
Compulsators, are t h e  f i r s t  fundamentally new r o t a t i n g  e lectr ical  gene ra to r s  
i nven ted  i n  t h e  twent ie th  century.  A compulsator ope ra t e s  by compressing magnetic 



















s t a t i o n a r y .  Ki lovol t - leve l  pu lses  of megampere c u r r e n t  may be generated; however, 
t h e  mi l l i second dura t ion  pulses  of e x i s t i n g  compulsators a r e  too  shor t  t o  make long 
b a r r e l  r a i lgun  launches possible .  Future  machines wi th  long, square pulses  shaped 
s p e c i f i c a l l y  f o r  r a i l g u n s  a r e  being developed and could be a v i ab le  a l t e r n a t i v e .  
The advantage of a compulsator is t h a t  i t  can be t i e d  d i r e c t l y  t o  the  r a i lgun  
wi thout  t he  power condi t ion ing  components requi red  by homopolars o r  capac i tors .  
The homopolar generator  (HPG) ( f i g .  28), o ld  in pr inc ip l e ,  was the  f i r s t  
pulsed-power supply developed a t  CEM-UT. Homopolar genera tors  can d e l i v e r  l a r g e  
p u l s e s  of e l e c t r i c  power a t  very high c u r r e n t s  (multi-MA), but with comparatively 
l a w  vol tage .  In opera t ion ,  mechanical energy is s t o r e d  by slowly spinning up t h e  
r o t o r  which is s i t u a t e d  in a magnetic f i e l d .  After t h e  ro to r  is spinning a t  high 
speed, t h e  magnetic f i e l d  is appl ied.  On c l o s i n g  a switch in t he  output c i r c u i t ,  
t h e  s t o r e d  energy is converted t o  an e l e c t r i c  pu lse  which peaks i n t o  an induct ive  
load i n  about 0.25 s. 
One problem, however, with the  HPG is t he  low vol tage  which makes energy t rans-  
f e r  to t h e  r a i lgun  d i f f i c u l t .  The vo l t age  requirement a t  the  end of t he  launch is: 
V = L'Iv = (0.4 x 10'6)(1.5 x 106)(6,000) = 3,690 V 
One means of overcoming t h i s  d i f f i c u l t y  is t o  use in te rmedia te  induct ive  s to rage  f o r  
power condi t ion ing  ( f i g .  29). The inductor ,  which is switched i n t o  the  r a i lgun  wi th  
a high cur ren t  opening switch a t  peak c u r r e n t ,  w i l l  develop vol tage as required t o  
t r a n s f e r  cu r ren t  i n t o  the  rai lgun.  
CEM-UT is c u r r e n t l y  using, in research ,  a 60 KJ modular system of six, 10 KJ 
drum type ( i ron-core)  homopolar gene ra to r s  , ( f ig .  30). These generators  a r e  now 
commercially ava i l ab le .  However, CEM-UT has designed a s i n g l e  HPG capable of 60 KJ 
storage, which is proposed f o r  u s e  a t  t h e  hypersonic  real-gas f a c i l i t y .  Two hundred 
e i g h t y  W modules have also been designed and could be used. The 60 KJ modules, 
because t h e r e  are more of them, would minimize j e r k  on t he  p r o j e c t i l e .  
A prel iminary des ign  f o r  a s i n g l e  r o t o r  60 KJ HPG calls f o r  a drum type, i ron-  
co re  genera tor  wi th  an average magnetic f l u x  d e n s i t y  of approximately 1.6 T, and a 
maximum tip speed of 180 m / s .  The design specifications for this new HPG have been 
def ined  as fol lows,  ( s ee  f ig .  31). 
Mass of r o t o r  = m = r2R,P 
where 
r = r ad ius  of r o t o r  
R r  = l eng th  of r o t o r  
p = mass d e n s i t y  of i r o n  = 7,860 kg/m3 
P o l a r  moment of i n e r t i a  of t he  r o t o r  is I 














C - CHARGING 
A - ARMATURE 
Figure 29. HPG/I circuit 
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Figure 31. Preliminary design layout (BPG) 
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n 4  - -1 p r  2 r  
Then, when t h e  angular  v e l o c i t y  of t h e  r o t o r  is o, t h e  k i n e t i c  energy s t o r e d  i n  
t h e  HPG i s  
Applying t h e  equat ion  
n 4  
2 r  J = --11 p r  
and cor = 180, which is t he  l i m i t i n g  s l i p  speed, 
KE = $7 1 n  & r ~ r 4 ) ( y ) 2  = 8,100 nRrpr 2 
w h e r e  a l l  dimensioned parameters are i n  S I  u n i t s .  
Since we r equ i r ed  
KE = 60 M J  = 60 x 106 J, 
equat ing  8,100 nRrpr2 t o  60 x 106, we have 
6 
6o lo I 2,358. 
'rpr = 8,100 n 
The mean d i s t a n c e  between t h e  brushes a t  t h e  two ends of t he  r o t o r  is defined as t h e  
active l eng th  = R and l e t  R = 0.8 G .  
For i ron-core HPGs, most of t h e  magnetic f l u x  l i n e s  s t a y  w i t h i n  t h e  i r o n  r o t o r ,  
as opposed t o  spreading  everywhere i n  the  case of a i r -core  machines. The f l u x  t h a t  
goes through the s i d e  and i n t o  t h e  r o t o r  drum must be equal  t o  t h e  f l u x  t h a t  comes 
ou t  from t h e  ends of the  ro to r .  I n  the  case of an  iron-core machine, the e x c i t a t i o n  
f i e l d  should be a t  magnetic s a tu ra t ion .  Therefore ,  t h e  sum of the  r o t o r  s u r f a c e  
areas a t  t h e  r o t o r  ends should be equal t o  t h e  area enclosed by the  locus of t h e  
brushes  on t h e  r o t o r  surface.  Algebra ica l ly ,  
2 ( d )  - 2npR 
+ r = R = 0.8 2,. 
S u b s t i t u t i n g  r = 0.8 R r  i n t o  R r p r 2  = 2,358, we have 
R r P  (0.8 Qr)2 = 2,358 + = 0.78 m 
R = 0.8 + = 0.62 m 
r = R = 0.62 m 
68 
180 w = 180 + o = - - 290 r a d / s  r 0.62 
0 = (1.6)(2 arR)Wb - 3.86 Wb 
2 2 m = a r  Rrp = T (0.62) (0.78)(7,860)kg 
= 7,404 kg 
6 
Machine equiva len t  capac i tance  = C = - 2w = 2(60 lo F P 3,787 F 
V2 (178)2 
1 1 2 J - Tmr2 = - (7,404)(0.62) kg m2 = 1,423 kg m 2 
Inductor Design 
The purpose of t h e  energy cond i t ion ing  induc to r  i s  t o  s t o r e  t h e  e lectr ic  energy 
supp l i ed  by t h e  HPG, which is a r e l a t i v e l y  low vo l t age  device,  and d ischarge  t o  t h e  
r a i l g u n ,  which r e q u i r e s  a h igh  vo l t age  supply such as an inductor .  The induc to r  
should be designed t o  maximize t h e  energy t r a n s f e r  from the  HPG t o  t h e  induc to r ,  and 
t h e  ohmic r e s i s t a n c e  of t h e  inductor  should be minimized t o  keep ohmic loss low. 
Given an induc to r  charging c i r c u i t  i n  which t h e  c i r c u i t  parameters f o r  t h e  
buswork and t h e  HPG are known, and t h e  only  unknowns are RL and LL, t h e  r e s i s t a n c e  
and Inductance of t h e  inductor.  RL and LL, can be defined as t h e  d e s i r e d  peak 
c u r r e n t  and energy t r a n s f e r  e f f i c i e n c y  . Once t h e  cu r ren t  and e f f i c i e n c y  r equ i r e -  
ments are determined, RL and LL can be obta ined  mathematically. However, RL and LL 
cannot be obtained d i r e c t l y  from c u r r e n t  and e f f i c i e n c y  f o r  t h e  fo l lowing  reasons: 
1. Genera l ly ,  f o r  an  RLC c i r c i t  as shown i n  f i g u r e  32A, R and L cannot e x p l i -  
c i t l y  be expressed (mathematically speaking) as func t ions  i f  Ip, t h e  peak 
current, and Q ,  the energy transfer efficiency. 
2. Even i f  a unique p a i r  of RL and LL are found f o r  a g iven  ip, n p a i r ,  a 
b e t t e r  perspec t ive  can be obta ined  of how Ip and n change wi th  a change i n  
t h e  computed RL and LL. One reason  t o  look a t  t h e  e f f e c t s  of RL and LL is 
t h a t  t h e  RL and LL computed d i r e c t l y  from Ip and n may be a r ea l i s t i c  
so lu t ion .  For example, t o  s p e c i f y  a very  high n and a r a t h e r  high Ip, t h e  
RL and LL computed from Ip and n w i l l  p lace  t h e  L/R r a t i o  u n r e a l i s t i c a l l y  
high. 
The methodology of inductor  des ign  is 1 )  i n v e s t i g a t e  the  parameters of space ,  
RL and LL, 2) compute the  Ip and n f o r  a range of RL and LL, and create e i t h e r  con- 
t o u r  p l o t s  o r  c h a r t s  shown Ip and n as f u n c t i o n  of RL and LL f o r  a range of RL 
and LL. CEM-UT'S inductor  des igns  e f f i c i e n t l y  l o c a t e  a subspace of RL and LL t o  




Figure 32A. RLC serial c ircuit  
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A charged HPG can be t r e a t e d  as a capac i to r  wi th  a c e r t a i n  Vo, i n i t i a l  vo l t age ,  
n e g l e c t i n g  f r i c t i o n  loss due t o  windage and bearings. Typ ica l ly ,  HPG f r i c t i o n  
l o s s e s  are very small and can be neglec ted  f o r  t he  pre l iminary  design. By t r e a t i n g  
t h e  BPG des ign  mentioned earlier as a c a p a c i t o r ,  t h e  HPG/I charg ing  c i r c u i t  can be 
modeled as shown i n  f i g u r e  32B, where t i m e  zero  is t h e  t i m e  when t h e  brushes are 
dropped and c u r r e n t  begins  flowing i n t o  t h e  inductor.  
I n  f i g u r e  32B, t h e  fo l lowing  app l i e s :  
Vp = HPG open c i r c u i t  vo l t age  when t h e  brushes are dropped = 178 V 
C = HPG equ iva len t  capac i tance  - 3,787 F 
RHPG = HPG i n t e r n a l  and output  bus r e s i s t a n c e  m 3 pH 
LHPG = HPG i n t e r n a l  and output  bus r e s i s t a n c e  = 200 nH 
Rhus = bus r e s i s t a n c e  = 5 pH 
Lbus = bus inductance  200 nH 
Rbrush = HPG brush r e s i s t a n c e  2 pH 
Rsw = opening swi tch  r e s i s t a n c e  = 2 pH 
Rsw = opening swi t ch  inductance 50 nH 
For t h e  RLC c i r c u i t  i n  f i g u r e  32A, t h e  cu r ren t  as a func t ion  of t i m e  can be 
expressed  as 
where 
-R f f R 2  - 7 4L 
Genera l ly ,  t h i s  is a complex conjugate  p a i r .  
1 The time of c u r r e n t  peak, tp, can be expressed as 
t h e  c u r r e n t ,  I is 
P' 
s1 
P s* - s1 s2 t =  LN (-) 
I t h e  t r a n s f e r  e f f i c i e n c y ,  q, is 
I 
7 1  
I 
I 
F i g u r e  328. HPG/I charging circuit  
7 2  
The above equa t ions  apply t o  underdamp, overdamp, and c r i t i c a l l y  damped cases. 
The equ iva len t  RLC c i r c u i t  f o r  f i g u r e  32B has  t h e  va lues  
C = 3,787 F ,  
L = 450 nH, and 
Using a computer code, t h e  parameter space of RL ranging from 2 t o  100 pn,  and LL 
ranging from 0 t o  100 PH w a s  i nves t iga t ed .  Contour p l o t s  showing t h e  c u r r e n t  peak 
time, peak c u r r e n t ,  and energy t r a n s f e r  e f f i c i e n c y  as func t ions  of RL and LL were 
obtained. For any combination of peak c u r r e n t  and energy t r a n s f e r  e f f i c i e n c y ,  t h e  
va lues  of RL and LL can be obta ined  from t h e  p lo t s .  
A s  mentioned ear l ier ,  due t o  t h e  imposed a c c e l e r a t i o n  l i m i t  of 10,000 g, t h e  
cu r ren t  in each r a i l  p a i r  is connected i n  i n  series, and t h e  two serial  p a i r s  are 
connected i n  p a r a l l e l ,  and t h e  H P G / I  module has t o  supply twice t h e  peak c u r r e n t  i n  
each r a i l  p a i r ,  so, t h e  H P G / I  has  t o  supply 2.9 MA a f t e r  swi tch ing  loss. Based on 
CEM-UT'S exper ience  wi th  opening swi tches ,  t h e  es t imated  swi tch ing  e f f i c i e n c y  ( i n  
terms of energy) would be 80%. This impl ies  inductor  cu r ren t  w i l l  drop by 10% s i n c e  
energy i n  t h e  induc to r  is propor t iona l  t o  t h e  square  of t h e  cu r ren t .  Therefore,  
each H P G / I  module i s  designed t o  be charged t o  2.9/0.9 = 3.2 MA. The equ iva len t  
HPG/I c i r c u i t  is shown i n  f i g u r e  32C. 
, From t h e  contour p l o t s ,  a combination of RL and LL was chosen t o  produce t h e  
r equ i r ed  cu r ren t .  The parameters are I 
peak c u r r e n t  = 1.54 MA, I 
peak time = 480 m s ,  and 
t r a n s f e r  e f f i c i e n c y  = 60% 
A computer w a s  then  used t o  gene ra t e  f e a s i b l e  induc to r  des igns  t o  match t h e  RL and 
LL. The d e t a i l e d  p r i n t o u t  of t h e  des ign  is a t tached  i n  Appendix B .  The induc to r  i s  
a 4-turn aluminum c o a x i a l  i n d u c t o r  wi th  a l eng th  of 16 f t  (4.88 m ) ,  and an o u t e r  
diameter of 1 1  f t  (3 .35  m). The RL and LL of t h e  design are 31.2 and 19.6 PH 




Figure 32C. Equivalent circuit of HPG/I rai lgun 
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Rallgun Performance 
A computer code w a s  developed t o  ana lyze  the  multi-HPG/I powered mul t ip le  
r a i l g u n  system. The code numerically s o l v e s  30 nonl inear  d i f f e r e n t i a l  equat ions 
s imultaneously.  A s o p h i s t i c a t e d  i n t e g r a t o r  which so lves  both s t i f f  and nons t i f f  
d i f f e r e n t i a l  equa t ions  was used. The r e s u l t s  from the  code are l i s t e d  i n  t a b l e  8 
and p l o t s  are a t t a c h e d  t o  Appendix B fo l lowing  t h e  inductor  design.  To launch a 14 
kg t o t a l  mass t o  a v e l o c i t y  of 6 km/s, t h e  gun length  must be 340 m (1,115 f t ) .  
Twenty-one HPG/I modules are used, ad jacent  HPG/I being placed about 11 t o  16 m 
a p a r t  along t h e  ra i lgun .  The o v e r a l l  gun e f f i c i e n c y  is 20%, which represents  t h e  
k i n e t i c  energy i n  t h e  p r o j e c t i l e  divided by t h e  i n i t i a l  k i n e t i c  energy i n  the  HPG. 
The launch t i m e  i s  107 m s .  
Sabot Design 
The sabo t  is t h e  launch veh ic l e  which w i l l  c a r r y  the  model dur ing  acce le ra t ion ,  
and from which t h e  model w i l l  begin i t s  f l i g h t  upon dece le ra t ion .  This launch 
v e h i c l e  w i l l  exper ience  h igh  f o r c e s  (981,000 N), and high c u r r e n t s  (1.09 MA) dur ing  
a c c e l e r a t i o n .  I n  t h e  sabot  designed f o r  t h e  s p e c i a l  mult i - ra i lgun proposed, t h e  
armature,  is a c t u a l l y  p a r t  of t h e  sabot.  
The suggested des ign  of t h e  sabot  ( f i g .  33) is a c y l i n d r i c a l  "cann with an 
i n t e r i o r  diameter  of 18 in . ,  with four  armature shoes and f o u r  t r a i l i n g  shoes f o r  
support .  As s t a t e d  earlier t h e  sabot  is t h e  suppor t ing  s t r u c t u r e  which is used t o  
carry t h e  model dur ing  launch. The sabot  a l i g n s  the  model i n  the  gun, prevents  
model con tac t  wi th  t h e  r a i l s ,  and poss ib ly  i n s u l a t e s  the  model from the  d r i v i n g  
f o r c e s .  It is f r e q u e n t l y  necessary t o  use  models which are s t r u c t u r a l l y  weak 
r e l a t i v e  t o  t h e  p red ic t ed  launch loads.  I n  such cases, t h e  sabot  may completely 
enc lose  t h e  model a l lowing  g r e a t e r  launch f o r c e s  while compromising the  release 
process  . 
I The sabot  des ign  u t i l i z e d  he re  is an  open support  system, which maintains  t h e  
launch  a t t i t u d e  of t h e  model while a l lowing  an undis turbed release upon 
d e c e l e r a t i o n .  This open s u p p o r t  sys tem inc ludes  the use of p ins  upon which the model 
w i l l  s i t ,  u t i l i z i n g  t h e  f o r c e s  of a c c e l e r a t i o n  t o  p in  t h e  model t o  t h e  rear w a l l  of 
t h e  sabot .  The l e n g t h  of t h e  sabot  may range from 0.6 t o  1.0 m. 
1 
A long c y l i n d r i c a l  p r o j e c t i l e  ( s abo t )  w i l l  be g r e a t l y  s t r e s s e d  during high 
a c c e l e r a t i o n .  The f o r c e s  w i l l  be more e a s i l y  managed by us ing  a p u l l  method of 
I a c c e l e r a t i o n ,  t h e r e f o r e ,  i t  is proposed t h a t  t h e  f r o n t  shoes of t h e  sabot ,  r i d i n g  on 
t h e  set of fou r  ra i ls ,  w i l l  be the  plasma armature shoes providing the Lorentz 
f o r c e s  f o r  a c c e l e r a t i o n  a t  t h e  f r o n t  of t h e  sabot .  This method of " t r a c t o r  pu l l ing"  
w i l l  p l ace  t h e  sabo t  i n  t ens ion  during launch which is easier t o  manage than  
I compression loading. However, during d e c e l e r a t i o n ,  compression stress w i l l  occur 
which t h e  sabot  des ign  uust accommodate, o r  t h e  r e s u l t i n g  c o l l a p s e  could endanger 
t h e  r a i l g u n ,  and launch. 
i 
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Table 8: Comw ted Railaun Perform ance 
HPGA rise time = 480 ms 
HPGA "1 and a2 discharged simultaneously at time zero 
Time since 1st HPG/I  
discharged [ms] 
- 
HPGA #3 discharged 20.8 
HPG/I #4 discharged 30.3 
HPGA #5 discharged 38.4 
HPGA #6 discharged 44.5 
HPGA #7 discharged 50.0 
HPGA #8 discharged , 55.3 
HPG/I "9 discharged 60.0 
HPGA #10 discharged 65.0 
HPGA "1 1 discharged 69.5 
HPGA #12 discharged 73.8 
HPGA #13 discharged 78.0 
HPG/I # 1 4 discharged 
HPGA # 15 discharged 
HPGA # 16 discharged 
HPGA # 17 discharged 
HPGA # 1 8 discharged 
HPG/I # 19 discharged 
HPGA #20 discharged 
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One of t h e  major problems i n  designing the  sabo t ,  and t h e  model, i s  providing 
t h e  s t r e n g t h  necessary t o  withstand the  launch loads.  The customary procedure is t o  
f i r s t  c a l c u l a t e  t h e  cons tan t  a c c e l e r a t i o n  f a c t o r  i n  t h e  gun ( i d e a l  opera t ion)  which 
would g ive  t h e  des i r ed  v e l o c i t y ,  given the  l eng th  of t h e  launch tube. The 
a p p r o p r i a t e  equat ion  is: 
V2 A I -  2L 
where 
A = a c c e l e r a t i o n  cons tan t  
V = d e s i r e d  v e l o c i t y  
L - l e n g t h  of t he  launch tube ( r a i lgun)  
A f a c t o r  which r ep resen t s  t h e  r a t i o  of peak a c c e l e r a t i o n  t o  t h i s  cons tan t  
a c c e l e r a t i o n  is then  appl ied  t o  estimate t h e  maximum acce le ra t ion .  Thus knowing t h e  
peak a c c e l e r a t i o n ,  a stress a n a l y s i s  is appl ied  t o  c r i t i c a l  s e c t i o n s  of the  sabot .  
It is  assumed t h a t  t h e  load ac ross  any s e c t i o n  is t h a t  requi red  t o  accelerate a l l  
t h e  mss ahead of t h a t  sec t ion .  Therefore,  t he  stress a n a l y s i s  is  fundamentally 
t r e a t e d  as a s t a t i c  loading. Dynamic e f f e c t s  are very d i f f i c u l t  t o  estimate and so 
are no t  u sua l ly  considered i n  t h e  i n i t i a l  design. 
Plasma Bearings 
There are s i g n i f i c a n t  problems i n  maintaining t h e  e lec t r ica l  contac t  between 
t h e  annature  and t h e  rails  a t  6 km/s. Brushes vaporize as t h e  cu r ren t  passes  
through t h e  armature;  the  cu r ren t  i s  then c a r r i e d  by a plasma. The ra i ls  and 
i n s u l a t i n g  walls of t he  gun immediately behind the  sabot  must confine t h e  h igh  
p res su re  plasma as  i t  accelerates forward due t o  the  Lorentz f o r c e s  appl ied  through 
t h e  armature and plasma. 
The a c c e l e r a t i n g  plasma-armature occupies a volume i n  t h e  immediate reg ion  
b e t m e n  t h e  ra i ls  and r e q u i r e s  plasma conf in ing  walls i f  t h e  p r o j e c t i l e  i s  t o  be 
acce le ra t ed .  Continuous walls for each of the  rails  can be formed by t h e  shoe t o  
c o n t a i n  t h e  t r a n s v e r s e  fo rces  of a high pressure  plasma armature. A moving c a v i t y  
is formed i n  t h e  shoes of t h e  sabot.  Th i s  cav i ty  then con ta ins  the  plasma as 
i l l u s t r a t e d  ( f i g .  34). I f  d e l i b e r a t e ,  c o n t r o l l e d  leak  is allowed through a l a b y r i n t h  
seal ,  a plasma bear ing  can be formed t o  reduce the  shoe and r a i l  wear. This  i s  an 
e f f e c t i v e  way t o  c o n t r o l  t h e  plasma leaking  around t o  the f r o n t  of t he  p r o j e c t i l e ,  
r e t a r d i n g  t h e  acce le ra t ion .  
The h o t  gases  vented behind the  sabo t ,  through grooves i n  t h e  shoes,  a l s o  
provide  a p o t e n t i a l  path f o r  a s h o r t i n g  arc between t h e  ra i ls .  The s i z e  of t h e  rear 
grooves can be enlarged t o  i n c r e a s e  t h e  vent ing  of e l e c t r i c a l l y  n e u t r a l  gases  and 
any ion ized  p a r t i c l e s  whose k i n e t i c  energy is high enough t o  escape from t h e  
magnetic confinement wi th in  t h e  cavi ty .  This enlargement enables  any vented gas  t o  
expand behind t h e  sabot.  This  expansion and the  assoc ia ted  cool ing  of t he  exhaust  
gases w i l l  reduce the  i o n i z a t i o n  and lower t h e  conduct iv i ty  of t he  gases. The 









Figure 3 4 .  Drive armature 
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To prevent  p re s su re  aga ins t  t h e  top and bottom f a c e s  of t he  armature shoes from 
s p l i t t i n g  o r  f l e x i n g  dur ing  the  launch, 2 mm t h i c k  Kevlar@, 49 winding, 13 mm wide, 
can be machine wound around the  segments of t he  armature ( f i g .  35), us ing  a r a l d i t e  
epoxy as t h e  adhesive.  This  Kevlar@ winding is considered i n  t h e  design of t h e  
shoes,  and t h e r e f o r e  does not  d e t r a c t  from t h e  performance of t h e  sabot .  
Amatare Consideration 
For plasma genera t ion  on the  armature,  a s p e c i a l  s i n t e r e d  matrix brush con- 
s t r u c t i o n  is proposed t o  i n i t i a t e  and maintain the  armature cu r ren t  throughout t h e  
launch. The requirements f o r  high speed brush opera t ion  followed by plasma con- 
duc t ion  are as fol lows:  
S u f f i c i e n t  contac t  should be made between r a i l  and armature t o  conduct t h e  
c u r r e n t  necessary t o  produce t h e  d r i v i n g  force .  
The arrangement should have many good con tac t s ,  wiping between r a i l s  
throughout t h e  launch. 
The con tac t s  should do a minimum amount of damage t o  t h e  rails while 
conduct ing cur ren t .  
The brush conf igura t ion  should be configured t o  support  plasma and not  
a f f e c t e d  by t h e  14,000 p s i  plasma p res su re  o r  the  pressure  of t h e  e lec t r ic  
f i e l d ,  while  o f f e r i n g  t h e  leas t  amount of r e s i s t a n c e  t o  t h e  c u r r e n t  flow 
which would r e s u l t  in heat ing.  
The mel t ing  poin t  of t h e  brush material should be high so as not t o  b o i l  
away and s h o r t  t h e  rails  dur ing  t h e  next  launch. 
Although t h e s e  are formidable requirements ,  one engineer ing s o l u t i o n  would use  
a s i n t e r e d  metal, composite brush cons t ruc t ion .  The armature w i l l  have compliant 
members and t h e  magnetic pressure  w i l l  h e l p  feed  new con tac t s  toward t h e  rail.  The 
tungs ten  wires are s h o r t  nubs s t i c k i n g  from t h e  s i n t e r e d  aluminum contac t .  The 
tungsten is heated to boil the aluminum between the fibers to dissipate large 
amounts of energy . 
F i n a l l y  t h e  unsupported tungsten wires and new f i b e r s  are fed  i n t o  t h e  contac t  
s u r f a c e  by t h e  compliance of t h e  con tac t  f inger .  Once a l l  t h e  s t r o k e  of t h e  
compliant members is used, aluminum vapor provides  the  conducting path.  
New armatures  would be i n s t a l l e d  and a l igned  t o  t h e  sabot  p r i o r  t o  launch. The 
brushes,  conductors ,  and alignment shims would be discarded as expendable items 
a f t e r  d e c e l e r a t i o n  of the  sabot.  Another po r t ion  of t he  p r o j e c t i l e  t h a t  will wear 
and need t o  be rep laced  are the  shoes t h a t  guide t h e  sabot  a long t h e  rails .  
A similar support  system as t h e  main armature d r i v e  of t h e  sabo t  is used t o  
launch s t a b i l i z e  t h e  back of t h e  sabot .  This  can be accomplished by using 
e l e c t r i c a l l y  i s o l a t e d  guides  in place  of t he  brushes. Because cu r ren t  s h a r i n g  can 
I 
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be a problem f o r  m l t i p l e  brush r a i l  systems ( f i g .  36) ,  t h e  back g r a p h i t e  shoes w i l l  
s e r v e  only t o  s t a b i l i z e  t h e  sabot.  These p a r t s  would a l s o  be removed from t h e  sabo t  
and rep laced  f o r  t h e  next launch. A l l  of t h e s e  mechanisms can be t e s t e d  a t  CEM-UT 
p r i o r  t o  commitment. 
Haint enance 
One disadvantage of t h e  conventional r a i l g u n  concept is  t h e  arc damage caused 
t o  the ra i ls  du r ing  f i r i n g .  This e f f e c t  i s  c h a r a c t e r i z e d  by h igh  metal s p o t s  and 
p i t t i n g  on t h e  r a i l s  which causes i n t e r f e r e n c e  f o r  t h e  sabot  du r ing  t h e  next launch. 
The ra i l  sets can be processed by a honing f i x t u r e  t o  c l ean  away and remove a l l  h igh  
spots so t h e  next p r o j e c t i l e  can s l i d e  e a s i l y  du r ing  f i r i n g .  Th i s  process can t a k e  
place between each launch. Ins t rumenta t ion  on-board t h e  s e l f  p rope l led  hone w i l l  
p rovide  a q u a l i t y  a u d i t  of t h e  launch system. 
Model Design 
I n  a r a i l g u n ,  c u r r e n t  flows through a d i s c r  t rm t u r e ,  r e s u l t i  g i n  no ohmic 
h e a t i n g  of t h e  model. However, t h e  sabot  t r a n s m i t s  t h e  a c c e l e r a t i n g  f o r c e s  t o  t h e  
model, r e s u l t i n g  i n  h igh  compressive and/or s h e a r  stresses on t h e  model. 
Design cons ide ra t ions  of t he  model, and ins t rumenta t ion  are d iscussed  i n  t h e  




Electromagnetic Launch Model Electronics 
During t h e  conversion of e lec t r ica l  energy in t he  launch tube  t o  k i n e t i c  energy 
i n  t h e  f l y i n g  model, e lectromagnet ic  waves are produced which w i l l  s i g n i f i c a n t l y  
a f f e c t  t h e  on-board e l e c t r o n i c s  of the model. I n  a r a i lgun  t h e  plasma arc can be 
d e t r i m e n t a l  t o  e l e c t r o n i c s ;  and in t h e  c o i l  gun, t h e  changing magnetic f i e l d  (B-dot) 
sweeping through t h e  e l e c t r o n i c s  acts as a random vol tage  source.  
D i g i t a l  e l e c t r o n i c s  makes use of a bus s t r u c t u r e  f o r  t h e  t ransmission of d a t a  
t o  addressed  l o c a t i o n s  in memory, t o  r ece ive  i n s t r u c t i o n s  o r  s t o r e  information. The 
bus may con ta in  16 t o  72 p a r a l l e l  conductors ,  t r a v e l i n g  t h e  e n t i r e  e l e c t r o n i c  
system. Bus s t r u c t u r e d  sensors  can r e s i d e  on a bus f o r  f a s t  access and s to rage  of 
da ta .  Depending on t h e  layout  and complexity of t he  e l e c t r o n i c s  used i n  t h e  f l i g h t  
i n s t rumen t s ,  a bus can be 20 m long o r  more. This  long bus, even though i t  may be 
fo lded ,  and many of t he  l i n e s  arranged i n  a p a r a l l e l  f a sh ion ,  w i l l  ac t  as an 
an tenna ,  o r  s e a r c h  c o i l ,  in an  EML f i e l d .  
The r i s i n g  and f a l l i n g  e lectr ic  f i e l d s  in t he  EML are necessa r i ly  la rge .  
Because of t h i s ,  another  element which is s e n s i t i v e  t o  t h e  EML f i e l d  is the  antenna 
r e q u i r e d  t o  t r ansmi t  d a t a  from t h e  d i s c r e t e  model during f l i g h t  (which is a good 
argument f o r  i n f r a r e d  d a t a  t ransmission) .  The e f f e c t  of t h i s  f i e l d  on t h e  model 
e l e c t r o n i c s  is a major concern f o r  a success fu l  launch. 
To provide hardened e l e c t r o n i c s  f o r  models i n  t h e  EML environment, consider  t h e  
fo l lowing  c r i t i ca l  cases: 
0 t h e  model is being acce le ra t ed ,  y e t  s l i p p i n g  backward s l i g h t l y  through an 
a c c e l e r a t i n g  magnetic wave 
0 t h e  model is sepa ra t ing  from t h e  sabot  in a d e c e l e r a t i n g  magnetic wave 
0 a r c i n g  c o n t a c t s  in armatures & swi tches  
0 s e l f  e x c i t e d  f i e l d s  assoc ia ted  w i t h  megamp cu r ren t s  
I n  t h e  f i r s t  case, t h e  e lectr ic  f i e l d  of a coax ia l  a c c e l e r a t o r  is produced by 
c u r r e n t s  in each two adjacent  c o i l s ,  which c a r r y  vol tages  of t h e  same f requencies  
bu t  w i th  a phase lead  of 60'. The antenna is or ien ted  in t h e  same a x i s  as the  
launch  progresses  backward in t he  f i e l d  from wave t o  wave. The antenna (and bus 
s t r u c t u r e )  is sub jec t ed  t o  a maximum, minimum, and reverse  maximum f l u x  f i e l d  as i t  
s l i p s  in t h e  r a p i d l y  inc reas ing  frequency wave. As t h e  model and sabot  s l i p  in t h e  
f i e l d ,  t h e  d i r e c t i o n  of t h i s  f i e l d  changes 180'. During a launch of 61 ms with 740 
waves and a 2% s l i p ,  t he  e l e c t r o n i c  package w i l l  encounter 15 r e v e r s a l s  of t he  wave 
t h a t  has a frequency range from 25 t o  2,000 Rz. The a c t u a l  frequency the  model 
sees, because i t  is t r a v e l i n g  with the  wave, is only 0.5 t o  40 Hz. It is t h e  
magnitude of t h e  f i e l d ,  haw t h e  antenna l e n g t h  f i t s  wi th in  the  f i e l d ,  and t h e  sweep, 
t h a t  i s  s i g n i f i c a n t .  The d@/d t  is on t h e  o r d e r  of 2T/2 x 10-6s o r  1 x 106 T/s .  
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The above example assumes a frequency of 2,000 Hz as a worse case. The 
proposed coax ia l  launcher  r e q u i r e s  a frequency of less than 500 Hz. In  t h e  second 
case t h e  model is f l y i n g  through a magnetic f i e l d  t h a t  nus t  t e rmina te  abrupt ly  a t  
t h e  end of t he  d e c e l e r a t i o n  region. However, i n  t h e  earlier s t a g e s  of separa t ion ,  
t h e  model is t r a v e l i n g  very c l o s e  t o  the  v e l o c i t y  of t h e  d e c e l e r a t i n g  sabot ,  so t h e  
d 8 / d t  w i l l  be less than t h e  s l i p  through t h e  h ighes t  launch frequency. This means 
less than 100 V could be expected. 
For a model e x i t i n g  a r a i l g u n  nuzzle ,  t he  case is almost t he  same with the  
plasma v e l o c i t y  very c l o s e  t o  t h e  v e l o c i t y  of t he  model. Therefore ,  d@/dt  would 
produce an  induced vo l t age  i n  t h e  100 V range. 
Only the  f i r s t  two cases produce s i g n i f i c a n t  vo l tages  t h a t  are beyond the  
working vol tage  of t h e  l o g i c  device  technology. We would l i k e  t o  use complimentary 
metal, oxide,  s i l i c o n  (CMOS), but  can be e a s i l y  managed wi th  b ipo la r  devices.  
Although some p r o t e c t i o n  w i l l  be of fe red  by t h e  sabot ,  instrument  package, and t h e  
f i l l e r  material of t h e  model, t h e s e  types of s h i e l d i n g  w i l l  d i s s i p a t e  the  magnetic 
energy as heat .  A l t e r n a t e  methods should be considered t h a t  w i l l  bu i ld  p ro tec t ion  
i n t o  t h e  c i r c u i t s  wi th  both sh i e ld ing ,  and s h o r t  c i r c u i t  methods (while  i n  t h e  
launch  phase) t o  shunt  t h e  r i s i n g  and f a l l i n g  vol tage  on t h e  bus s t r u c t u r e  and 
antenna. 
Assuming t h a t  f u n c t i o n a l  on-board e l e c t r o n i c s  would make an  important 
c o n t r i b u t i o n  by c o l l e c t i n g  parametr ic  d a t a  i n  the  f r ee - f ly ing  model, t he re  are 
important  design cons idera t ions .  Mult iple  sh i e ld ing  of t he  sabo t  us ing  laminated 
d i s s i m i l a r  metals would produce eddy c u r r e n t s  which would diminish t h e  magnetic 
f i e l d ,  bu t  a t  t h e  c o s t  of dead launch weight. S imi la r  sh i e ld ing  of t h e  e l e c t r o n i c s  
d i r e c t l y  i n s i d e  t h e  model would have t h e  same e f f e c t ;  however, t h i s  s h i e l d i n g  would 
produce hea t ,  a f f e c t i n g  t h e  e l e c t r o n i c  sys t ems ,  as w e l l  as a f f e c t i n g  o t h e r  
parameters  of t h e  model such as s k i n  temperature and s t r e n g t h  of t h e  a i r  frame. 
Another important  f a c t o r  i n  providing p ro tec t ion  f o r  e l e c t r o n i c  s i g n a l s  is i n  
t h e  b a s i c  a r c h i t e c t u r e  o r  bu i ld ing  method of t he  c i r c u i t .  Because of ongoing 
development i n  e l e c t r o n i c  packaging, methods of manufacture are now a v a i l a b l e  which 
provide  a high degree of s h i e l d i n g  from these  types of f i e l d s .  It is i n t e r e s t i n g  t o  
n o t e  t h a t  t h e  des ign  rules f o r  p ro tec t ing  the  bus s t r u c t u r e s ,  and devices  from 
electromagnetic interference (EMI) and electromagnetic pulse radiation (EMR) are the 
same as encountered dur ing  EML. Even though t h e  launch f i e l d s  are o rde r s  of 
magnitude g r e a t e r  i n  i n t e n s i t y  than are experienced i n  GHz c i r c u i t r y ,  t h e  frequency 
i s  t h r e e  o rde r s  of magnitude lower,  so, t h e  same s o l u t i o n s  become re l evan t .  
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I Data Acquis i t ion  
, To i l l u s t r a t e  a s o l u t i o n  f o r  a n  instrument package on-board scale models in the 
EML environment, techniques u s e f u l  f o r  high performance weapons can be reconfigured 
t o  t o l e r a t e  t h e  e lec t romagnet ic  f i e l d s  of t h e  launcher.  Consider t he  requirements 
f o r  a hypersonic  model weighing 10 kg t o  be acce le ra t ed  a t  a cons tan t  acce le ra t ion ,  
10,000 gees,  t o  a v e l o c i t y  of 6 km/s. Afte r  launch, t h i s  model w i l l  f l y  along i n  a 
1,000 f t  f l i g h t  chamber which is condi t ioned t o  emulate the environment of the  upper 




The f l i g h t  t i m e  w i l l  be on t h e  o rde r  of 100 m s .  Ins t rumenta t ion  is needed 
d u r i n g  t h i s  f l i g h t  f o r  t h e  following parameters: g r a v i t y  (6 axes) ,  p re s su re  (6 
p o i n t s ) ,  temperature (6 po in t s ) ,  a t t i t u d e  (3 axes) ,  r a d i a t i o n  (4 p o i n t s ) ,  and frame 
f l e x u r e  (2  po in ts ) .  To accomplish t h i s  t a s k  wi th  conventional analog mul t ip lex ing ,  
A/D, S/H, w i t h  memory s to rage ,  t h i s  would r e q u i r e  approximately 15 - /data  word o r  6 
words of d a t a  could be c o l l e c t e d  during t h e  f l i g h t .  This would not r ep resen t  a 
v i a b l e  method of d a t a  a c q u i s i t i o n  f o r  such a time i n t e n s i v e  event.  
It is  common knowledge t h a t  hypersonic models sometimes experience from 4 t o  
40 o s c i l l a t i o n s  dur ing  a s i n g l e  f l i g h t ,  experience var ious  p re s su res  on f l i g h t  
s u r f a c e s ,  and undergo temperature changes. S ix  d a t a  words w i l l  not be adequate t o  
p rope r ly  d e f i n e  t h e  paramet r ic  growth. A new method of d a t a  a c q u i s i t i o n  u u s t  be 
dev i sed  t o  t ake  f u l l  advantage of t h e  hypersonic f a c i l i t y .  This method should 
provide  t h e  d a t a  i n  d i g i t a l  form, bus compatible so t h a t  t h e  d a t a  can be w r i t t e n  
d i r e c t l y  t o  t h e  on-board memory dur ing  an address  and w r i t e  cyc le  wi th  a s i n g l e  
e n a b l e  of a sensor.  This information must a l s o  be simultaneously t r ansmi t t ed  f o r  
d a t a  r e t r i e v a l ,  i n  case of d e s t r u c t i o n  of t h e  model during f l i g h t  (when t h e  s o f t  
catch f a i l s ) .  P a r a l l e l  p rocessors  and 3-dimensional computers with improved speed 
can  be used f o r  d a t a  a c q u i s i t i o n  requirements. The more d a t a  acquired from a f l i g h t ,  
t h e  more e f f e c t i v e  t h e  development work of t h e  hypersonic real-gas f a c i l i t y .  
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S e l e c t  ope ra t ing  l i m i t s  and bracke t  t h e  range of i n t e r e s t  f o r  each of t h e  
parameters. 
E s t a b l i s h  mathematical models f o r  each device. 
Layout t h e  phys ica l  devices  based on researched performance of a v a i l a b l e  
materials. 
Manufacture, u t i l i z i n g  quick t u r n  CAM system. 
Provide EMI, EMR s h i e l d i n g  as an i n t e g r a l  p a r t  of t h e  c i r c u i t  
cons t ruc t ion .  
T e s t  sensors for performance (bench test). 
It should be noted t h a t  once the senso r s  have been developed, manufactured, and 
c a l i b r a t e d ,  each device  can be used r epea ted ly  f o r  new instrument packages. Table 9 
g i v e s  a l i s t i n g  of parameters which could r e q u i r e  observa t ion  dur ing  t h e  model 
launch  and f l i g h t ,  as w e l l  as a d i scuss ion  of t h e  types  of sensors  and how they  
could  be used i n  t h e  research  f a c i l i t y .  
As a n  example of a device t o  measure a c c e l e r a t i o n ,  cons ider  a phys ica l  des ign  
where a series of small c a n t i l e v e r  3eams are arranged t o  form switches. Each swi tch  
can  be designed ( f ig .  37) t o  c l o s e  under a d i f f e r e n t  G-load i n  one ax i s .  These 
d e v i c e s ,  developed by computer aided des ign  (CAD), may be arranged as a c l u s t e r  of 
swi t ches  ( f i g u r e  38) each s e n s i t i v e  t o  a d i f f e r e n t  grav i ty .  Fab r i ca t ion  i s  by 
simply d ispens ing  materials (polymer) with an  X-Y p l o t t e r  i n  t h e  same o p e r a t i o n  as 
t h e  p r i n t e d  c i r c u i t  board (PCB) is cons t ruc ted .  
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Table 9. Instrumentation requirements 
~~~ ~ ~ 
Integrated Heat 













Heating range Maximum I Minimum 
I Radiation He at ing 
I Spectral Range 
Range 
10 to 30 k gees 
-300 to -001 
Vacuum to 2 lb/ft2 
0.5 to 1,200 lb/ft2 
8 to 78 W/cm2 








Figure 37. PC board l e v e l  gravity switch 
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Figure 38. PC board cluster of gravity switches 
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A mathematical model of such a device  can be expressed by t h e  formula f o r  a 
c a n t i l e v e r  beam as follows: 
WR3(MAX) 
3EI f =  
where 
R = d i s t a n c e  between suppor t s  
R = r e a c t i o n  
M = bending moment 
W = Tota l  d i s t r i b u t e d  load 
Then t h e  f o r c e  on t h e  beam a c t i n g  through t h e  c e n t e r  of mass: 
F = M A  
Using t h e  o r i g i n a l  c r i t e r i o n ,  t he  beam dimensions become as fo l lows  f o r  t h e  
v a r i o u s  G-loads: 
By us ing  t h e  ( t y p i c a l )  phys ica l  l ayout  of t a b l e  9, t he  CAD da tabase  of t h e  PC 
Board can be  modified t o  allow t h e  senso r s  t o  be f a b r i c a t e d  a t  t h e  same t i m e  t h e  PC 
Board i s  formed. The r e s u l t  is  an e l e c t r o n i c  package with i n t e g r a t e d  electrome- 
c h a n i c a l  s enso r s  t h a t  began as  a requirement, w a s  developed as a computer des ign  and 
s imula t ion  of a c i r c u i t  and phys ica l  s enso r ,  and ended as a computer formed 
( cons t ruc t ed )  e l e c t r o n i c  package, complete w i t h  sensors.  A f t e r  t h e  c h i p s  
( s e d - c o n d u c t o r  m i c r o c i r c u i t s )  are placed,  t h e  c i r c u i t  wi th  s e n s o r s  can be t e s t e d .  
For i n s t ance ,  a l l  t h e  g r a v i t y  switches of an  instrument package can be p r e - f l i g h t  
t e s t e d  and data-logged while being spun i n  a cent r i fuge .  Th i s  d a t a  as w e l l  as 
p r e s s u r e  pot and temperature cyc le ,  i s  recorded through t h e  r a d i o  frequency l i n k  
(RP) and depos-ited as a f i l e  i n  a pe r sona l  computer. I n  t h i s  way, t h e  d a t a  
ob ta ined  from sensor  read-out dur ing  a f l i g h t  can be i n t e r p o l a t e d  us ing  p r e - f l i g h t  
and p o s t - f l i g h t  sensor  eva lua t ion .  An i l l u s t r a t i o n  of a c i r c u i t  con ta in ing  both 
mul t ip l ex  c i r c u i t  and sen-sors on t h e  PC Board is  i n  f i g u r e  39. 
The procedure f o r  bu i ld ing  devices  of t h i s  type i s  t o  p l ace  a board on a n  X-Y 
p l o t t e r ,  p l o t  t h e  f i r s t  l a y e r  wi th  conductive material, bake f o r  5 min, p l o t  
s p a c e r s ,  bake, p l o t  second l a y e r  conductor, which inc ludes  t h e  c a n t i l e v e r  beams, and 
scale beams extended above t h e  lower contac t .  The phys ica l  dimensions of t h e  senso r  
elements are formed under computer c o n t r o l  and the re fo re ,  t h e  c h a r a c t e r i s t i c s  are 
I 
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Figure 39. PC Board gravity switch 
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reproducable.  It should be noted t h a t  t h e  sensor  f a b r i c a t i o n  t akes  p l ace  as a p a r t  
of t h e  complete board f a b r i c a t i o n  which is  toge ther  completed i n  less than 1 hr. 
This  reduces the  c o s t  of model ins t rumenta t ion  t o  a range of $300 to  $3,000. 
The da tabase  desc r ib ing  t h i s  sensor  can be used with o t h e r  sens ing  elements i n  
combination wi th  an  on-board computer. In  c i r c u i t  s imula t ion  form, adjustments  can 
be made and t h e  r e s u l t s  used t o  modify the  design and t h e  end product ( d a t a  
a c q u i s i t i o n  package). The f i n e  s t r u c t u r e  of t h e  Oswi tches  r equ i r e s  l i t t l e  real 
es ta te  compared t o  t h e  s i z e  of t h e  bus s t r u c t u r e  and gate.  The s ta tus  of any G- 
swi tches  bank can be wr i t t en  d i r e c t l y  to  t h e  memory through the  bus by ,simply 
enab l ing  t h e  t r i -s ta te  gates .  This  can be accomplished i n  12 n s  wi th  HCMOS. A 
conse rva t ive ,  15 ns window (clock r a t e )  should be used. 
Th i s  swi tch  i s  designed t o  measure f o r c e s  i n  a s p e c i f i e d  range. Other ranges 
of  i n t e r e s t  ( f i n e r  o r  wider) could be bracketed by another  group of redesigned 
swi tches  t o  cover  d i f f e r e n t  ranges. A combination of wide and narrow range swi tches  
would produce r e s o l u t i o n  wi th in  the  range of i n t e r e s t .  This can be done by modifying 
t h e  d a t a  base of f i g u r e  39. Figure 40 desc r ibes  a method of fo ld ing  t h e  board t o  
measure g r a v i t y  i n  a l l  s i x  axes of i n t e r e s t .  
Should p o s i t i v e  and negat ive g r a v i t y  measurements be of i n t e r e s t ,  t h e  g r a v i t y  
s e n s o r s  must be read out  in each ax is .  This  can be accomplished by r e o r i e n t a t i n g  
t h e  package so t h e  cen t r i fuge  a p p l i e s  g r a v i t y  i n  a l l  axes of i n t e r e s t  dur ing  
c a l i b r a t i o n .  This  type sensor  is  l i t t l e  a f f e c t e d  by fo rces  t h a t  are appl ied  normal 
t o  t h e  designed d i r e c t i o n .  They can, however, be damaged by excess ive  loads  appl ied  
180' t o  t h e  d i r e c t i o n  of design,  r e s u l t i n g  in permanently bent beams, away from t h e  
swi tch  d i r e c t i o n .  Addit ional  sensors  were developed and can be found i n  Appendix C. 
C i r c u i t  Noise Immunity 
One of t h e  primary reasons f o r  us ing  conductive polymer, o t h e r  than  ruggedness 
and t h e  a b i l i t y  t o  form these  c i r c u i t s  e a s i l y  from the  same CAD, i s  t h e  n o i s e  
immunity r e s u l t i n g  from a shielded communication. The proposed a r c h i t e c t u r e  a l lows  
t h e  ground s h i e l d  f o r  each ind iv idua l  l i n e  t o  t o t a l l y  surround the  l i n e  f o r  t h e  
length of the run (fig. 41). This feature will provide noise immunity for the 
c i r c u i t  dur ing  the  electromagnet ic  launch and a l s o  prevent no i se  i n j e c t i o n  by 
ad jacen t  l i n e s  i n  the  a c q u i s i t i o n  system. It should a l s o  be noted t h a t  t hese  
c i r c u i t  s t r u c t u r e s  are r e s i l i e n t  and t h e r e f o r e  can t o l e r a t e  t h e  high dece le ra t ions  
a n t i c i p a t e d  a f te r  f l i g h t .  The conductive material w i l l  be even tua l ly  formulated t o  
emlate  t h e  high temperature superconducting materials c u r r e n t l y  under development 
and t h i s  w i l l  r e s u l t  i n  higher  speed d a t a  a c q u i s i t i o n ,  which w i l l  v i r t u a l l y  extend 
t h e  l e n g t h  of t h e  f l i g h t  chamber by producing more data/meter  of f l i g h t .  
A number of instrumentat ion packages could be t a i l o r e d  t o  f i t  genera l  o r  
s p e c i f i c  missions.  These packages could be s tock  p i led ,  awai t ing  a f i n a l  model 
design. A p r a c t i c a l  memory s i z e  would be 64,000 words, however t h i s  could e a s i l y  be 
pushed up t o  256,000. Two Ni-Cad b a t t e r i e s  could be charged p r i o r  t o  c a l i b r a t i o n  o r  
f l i g h t  and used as  a regula ted  primary power source.  
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Figure 40. Folded PC board provides s i x  ax is  gravi ty  instrument 
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Figure 41. Coaxial shielding bus and PC board interconnection system 
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A personal  computer can be used t o  perform t h e  sensor  set-up, c a l i b r a t i o n  and 
r e t r i e v a l .  This  system was a c t u a l l y  configured and t e s t e d  t o  prove t h e  d a t a  
a c q u i s i t i o n  concept ( f i g s .  42 t o  4 5 ) .  Data was loaded i n  t h e  memory device  a t  a 
c lock  rate of 400 MHz, s t o r e d  overn ight ,  and downloaded t o  t h e  IBM-PC a t  1200 baud. 
Soft Model Catches 
Of importance, is t h e  recovery of t h e  hypersonic models, i n t a c t  and undamaged 
a f t e r  f l i g h t .  P r o j e c t i l e s  of t h i s  mass and possess ing  t h i s  k i n e t i c  energy w i l l  
r e a d i l y  se rve  as a l e t h a l  weapon, capable of p i e r c i n g  t h e  armor of a tank. A s o f t  
catch is d e s i r a b l e  t o  provide information on s u r f a c e  damage and f o r  f l i g h t  r eco rde r  
readout  by cab le  t o  t h e  computer. While d a t a  can be unloaded dur ing  t h e  f l i g h t  by 
i n f r a r e d  t ransmiss ion  as well as rad io  frequency (RE'), s i g n i f i c a n t l y  more d a t a  can 
be obta ined  i f  t h e  models could be caught s o f t l y .  For in s t ance ,  s u r f a c e  a b l a t i o n ,  
engine  o r i f i c e  e ros ion ,  and even the  f u e l  consumption ( f o r  powered f l i g h t )  and 
weight loss could be determined and compared wi th  t h e  f l i g h t  e f f e c t s  and cond i t ions  
of o t h e r  models. The onboard sensors  could be read o u t  i n  a r e t e s t  f o r  p o s t f l i g h t  
c a l i b r a t i o n .  This  would be a check of t h e  i n f l i g h t  da ta .  Minor changes could be 
made t o  t h e  a i r f r ame  and t h e  model could be reflown t o  o b t a i n  exact f l i g h t  da ta .  
A poss ib l e  method of s o f t  ca tch  would be t o  impact a f t e r  t h e  f l i g h t ,  i n t o  
s e v e r a l  l a r g e ,  t h i n ,  p l a s t i c  diaphragms (polye thylene)  and then i n t o  a bed of very  
low d e n s i t y  expanded polys tyrene  beads ( co f fee  cup s t a r t i n g  material). The p l a s t i c  
diaphragms would tend t o  conta in  the  beads i n  t h e  ca tch  zone and reduce t h e  
ou tgas ing  i n t o  t h e  f l i g h t  chamber. 
From impact theory of hypervelocity p r o j e c t i l e s ,  it can be shown t h a t  upon 
impact, t h e  material being impacted, l i q u i f i e s  due t o  energy t r a n s f e r .  The most 
convenient material t o  l i q u i f y  and become a p a r t  of t h e  model, would a l s o  be 
something t h a t  would adhere t o  t h e  model. This would quench t h e  k i n e t i c  energy whi le  
becoming an attachment t o  t h e  model. The reason t h a t  Styrofoam, o r  melted Styrofoam 
is sugges ted ,  is because a simple series of d i p s  i n  t r i c h l o r e t h l y e n e  (TCE) o r  
methylethylketone (MEK) would d i s so lve  away t h e  s t y r e n e  and render  t h e  model c l e a n  
and ready quick ly  f o r  d a t a  download, r e c a l i b r a t i o n ,  and even tua l ly  a r e f l i g h t .  
There w i l l  be a race a f t e r  a f l i g h t ,  t o  unload t h e  d a t a  because b a t t e r y  l i f e  
f o r  t h e  onboard computer system is l imi ted .  This  is one sugges t ion ,  a d i f f e r e n t  
d e n s i t y  foam system [ 9 ]  has a l s o  been used although t h i s  material w i l l  r e q u i r e  more 
maintenance and would not  be manageable f o r  a f a s t  t u r n  launch and c a t c h  system. 
The beads could be vacuumed from the  ca t ch  chamber between f l i g h t s ,  t h e  model 
l o c a t e d  ( t h e r e ' s  a r a d i o  s i g n a l )  and then TCE dipped. After t h e  p l a s t i c  diaphragms 
are rep laced  o r  r epa i r ed ,  t h e  beads could be f i l t e r e d  and r e i n s t a l l e d  i n  t h e  
chamber. Addi t iona l  beads could be added topping o f f  and r e p l a c i n g  t h e  beads t h a t  
were melted by t h e  model. It is estimated t h a t  a t r a v e l  through 20 m (50 f t )  of 
beads would be more than adequate t o  s o f t  ca t ch  even t h e  most e n e r g e t i c  models. 
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Figure 42. Data acquisition system 
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F i g u r e  43. Up/down loading 
F i g u r e  44. Sensor stick 
9 7  
ORIGINAL PAGE IS 
OF POOR QUALITY 
Figure 45. Sensor s t i c k  In 17 in. shuttle model 
98 
COPIPARI SON 
I Both t h e  r a i l g u n  and the  induct ion  a c c e l e r a t o r  vi11 perform well as t h e  launch 
system f o r  a hypersonic  real-gas b a l l i s t i c  f l i g h t  f a c i l i t y .  It is the  understanding 
a t  CEM-UT, t h a t  t he  launch system would be u s e f u l  f o r  aerospace plane t r a n s i t i o n  
s t u d i e s  wi th  l a r g e  scale f l y i n g  models f o r  computer model va l ida t ion .  I f  t h i s  
system could be placed on stream i n  the  near  term, t h e  launch and f l i g h t  f a c i l i t y  
might has t en  t h e  development of next gene ra t ion  f l i g h t  vehic les .  Addi t iona l ly ,  i t  
might reduce t h e  o v e r a l l  development c o s t s  f o r  such a projec t .  It is with  these  
g o a l s  i n  mind t h a t  t h e  s e l e c t i o n  of a launch system might be made by NASA. 
Railgun 
For in s t ance ,  wi th  a r a i l g u n  system, t h e  homopolar gene ra to r s  (power supp l i e s )  
are b a s i c a l l y  off-the-shelf  wi th  an 18 t o  20 month de l ivery .  Each component of t h e  
HPGII is f u l l y  t e s t e d  and is i n  use on a d a i l y  b a s i s  a t  CEM-UT. This system could 
be pressed  i n t o  s e r v i c e ,  ready f o r  commission i n  approximately 24 months. Although 
larger payloads than  10 kg could be accommodated, t h e  r a i l  launch system wi th  s o l i d  
a rmatures  have only been demonstrated i n  t h e  2 km/s regime. The hybrid t h a t  was 
addressed  ear l ier  i n  t h i s  r epor t  could make t h e  11 km/s goal.  This type launcher  
w i l l  a l s o  r e q u i r e  more maintenance wi th  down time f o r  p e r i o d i c  exchange of r a i l  
s e c t i o n s .  It is es t imated  t h a t  t h e  beginning ra i ls  w i l l  r e q u i r e  s e c t i o n  exchanges 
f o r  overhaul  wi th  each 100 launches. R a i l  d r e s s i n g  and in spec t ion  should be 
performed between each launch but t h i s  process  need no t  extend launch cyc le  times. 
These c o n s t r a i n t s  may be acceptab le  f o r  a launch system t h a t  can be quick ly  composed 
of of f - the-she l f ,  proven components. Homopolar genera tors  have been i n  continuous 
service f o r  over  35 yea r s ,  seam-welding pipe.  The c o s t  of t h e  r a i l  launch system is 
es t ima ted  t o  be i n  t h e  $60,000,000 range. 
Induc t ion  Accelerator 
~ 
Should NASA's in te res t s  and p r i o r i t i e s  be based on extended performance, i n  
both v e l o c i t y  and payload, t he  induct ion  a c c e l e r a t o r  would be the  "system of choice" 
w i t h  low maintenance launch c a p a b i l i t y  and could accelerate 3 kg models up t o  11 
km/s o r  10 kg models could be acce le ra t ed  t o  6 h / s .  Accelera t ing  10 kg masses t o  
11 km/s would be poss ib l e  wi th  f u t u r e  i n s t a l l a t i o n  of a d d i t i o n a l  o r  h igher  energy 
power supp l i e s  powering the  same as-designed launcher.  The c o s t  of t h i s  launch 
s y s t e m  is est imated t o  be i n  the  $47,000,000 range. Because components are not  
"off-the-shelf",  i t  would r equ i r e  approximately 30 months t o  implement t h i s  system. 
I 
Because no s l i d i n g  t r anspor t  of c u r r e n t  is requi red  i n  t h e  Induct ion Launch 
des ign ,  which is not  t h e  case with the  Railgun, very l i t t l e  wear is a n t i c i p a t e d  i n  
t h e  launch tube, r e s u l t i n g  i n  long system l i f e .  The p r o j e c t i l e  is l e v i t a t e d  and 
he ld  away from t h e  walls throughout t h e  launch. 
I 
I 
The power supply requirement f o r  t h e  induc t ion  launcher  c o n s i s t s  of fou r  
compulsators ,  configured t o  opera te  i n  t h e  surge  mode. This machine was invented 
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and developed by the University of Texas, and can be used for a number of rail and 
induction launched systems. The proposed induction launcher, as designed, could 
accommodate additional power units for more robust launches, should they be needed 
with future research. Commercially available water wheel alternators would be 
rewound in the compulsator configuration to economically produce these power 
supplies. 
Cost summary 
A summary of cost , performance , and delivery follows : 
r Launch Type Cost Performance Construction Time I 
Railgun $57.0 M 10 kg, 6 km/s 24 months 
Induction $47.5 M 10 kg, 6 km/s, 30 months 
(or 3 km, 11 km/s) 
Instrumentation 
An instrument package was designed for this program that makes use of micro- 
scale sensors and bus structures useful for “smart weapons”. Computer aided design 
and manufacturing, using a personal computer, allow these packages to be quickly 
modified and custom manufactured for use with flight models to document flight 
parameters. The unit cost is believed to be between $300 and $3,000, depending on 
the combination and resolution expected from the instrumentation. 
The manufacturing techniques suggested will allow operation of these packages 
in both electromagnetic environments. With the use of low cost, on-board data 
acquisition packages, more information can be derived from each flight, making the 
facility more efficient as a development tool. 
Recomncnda t ion 
The Center for Electromechanics recommends that this design study be followed 
by a more detailed engineering study of one or both of the launch systems. The 
result of this detailed study would produce an engineering design that could be used 
for preparation of a “Request for Quote”. Proof of principle experiments would be 
performed, with at least two segments of each launch system at full scale. The 
a phasing system between induction stages with multiple ac power supplies. 
I inner-stage hand-off of projectile for the railgun could be demonstrated, as well as 
1 
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Both concepts require further refinement and engineering evaluation with full 
sized launch sections. The decoupling of rails for the rail launcher, as well as 
the phase matching system between induction sections, can be fully tested to the 
length of the two sections at designed mass. Tests will also be conducted at near 
terminal velocity with reduced mass. The starter sections of both systems could 
also be characterized by launching payloads through the first two stages. These 
tests and refinements of each concept would produce a high level of confidence prior 
to proceeding with plans for actual launcher construction. 
The development of the electromagnetic launcher for use with a hypersonic real- 
gas facility will result in a World Class Hypersonic Flight Development Center. 
Economies can be realized by the technique of rapidly evaluating computer developed 
designs with the use of large, high mass flying scale models, launched into varied 
flight environments. This will allow low cost exploration of flight parameters, 
which can now only be analyzed by the use of space shuttle experiments. 
It has been noted that, when major scientific tools become available, 
especially tools that reduce the cost and time for production of engineering data, 
new windows of opportunity open. Scientific tools, of this type, can reduce the 
most complex of problems into simple, yet elegant, engineering solutions. Solving 
hypersonic aerodynamic flight problems such as successful hypersonic laminar flow, 
will eventually lead to vehicles that will drastically reduce the cost of placing 
both man and equipment into space. From these developments, other opportunities 
will evolve, such as efficient intercontinental transportation. This will further 
enhance our transportation system as a national resource. The same type 
electromagnetic launch system used to study computer defined aerodynamic shapes, 
which are necessarily limited to relatively low acceleration, will eventually be 
pointed skyward for the low cost launching of cargo into low earth orbit. This will 
allow non-manned payloads into space as frequent as flights from a metropolitan 
airport. These concepts will be evolutionary, and the elecromagnetic launcher will 
have an important role. This hypersonic facility will be a first step in the 
e vo lu t ion . 
The Center for Electromagnetics at The University of Texas at Austin, is 
pleased to propose a twelve month, detailed engineering design study of one or both 
of the described launcher systems (railgun or coaxial). Incorporated in the 
engineering Design would be “proof -of-concept‘’ experiments, which would make use of 
at least two of the launch segments. This would provide the empirical data 
necessary to specify the construction of the total system. Both concepts require 
further engineering study with test to refine operational performance and 
maintenance. It is with this additional data that a high degree of confidence can 
electromagnetic launcher €or the hypersonic facility. 
I 
I 
I be obtained, prior to final plans leading to the construction and commission of an ~ 
10 1 
Cost Estimate for Launch Syrtema 
As sump t ions : 
0 
0 NASA LANGLEY will supply the following: 
5% energy transfer efficiency for railgun (HPG to payload) 
50% energy transfer efficiency for induction accelerator (compulsator to 
payload) 
- foundation - enclosure - free-flight range - flight data instrumentation (stationary) 
- grid power 
Railgun Launch System 
Power Supply : 
(21) - 60 W ,  H P G ' s  at $0.02/5...................... 
Inductors : 
Railgun Launcher: 
(includes structure and spare parts) 
1,115 ft at $lO.oO/ft............................... 
Accessories: 
(vacuum system, valves, controls, switches, 
and site preparation)............................... 
Indactlon Accelerator Launch System 
Power Supplies : 
(4) cornpulsator power supplies 







or, (4) compensated, rewound water wheel alternators stressed for surge ! operation.........(same as above) 
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Drives: 
(4) at $0.5M...............*..... 
Starter Coil: 
(l)..................................e.............. 
Induction Launch Tube: 





(vacuum systems, valves, controls, switching, site 
preparation)..........**............................ 12.OM 
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RISING FREQUENCY GENERATOR 
A s  another  s t e p  t o  improve the  in t eg ra t ed  power supp ly  and coax ia l  a c c e l e r a t o r  
system, t h e  synchronous generator  with cons tan t  frequency previous ly  reported ( s e e  
September 1986 Monthly Report) has been replaced by a Rising Frequency Generator 
(RFG). An i n i t i a l  design was performed i n  order  t o  s a t i s f y  t h e  requirements of t h e  
system. The r e s u l t i n g  RFG w i l l  have the  c h a r a c t e r i s t i c s  given i n  t a b l e  A-1. 
The i n i t i a l  frequency appl ied by the  RFG w i l l  be 427.5 Hz, and f o r  a drop i n  
t h e  p e r i p h e r a l  speed of t he  inner  r o t o r  of 60% ( t o  40% of the  i n i t i a l  r o t o r  speed) 
t h e  frequency w i l l  rise t o  2,736 Hz. 
A t  f i s t  s i g h t ,  t h e  i n i t i a l  frequency seems high, but  i t  is respons ib le  f o r  low 
e f f i c i e n c y  only i n  the  very beginning of t he  acce le ra t ion ,  which p lays  an almost 
n e g l i g i b l e  r o l e  i n  the  o v e r a l l  e f f i c i ency .  The b a s i c  machine frequency is high 
(4.275 kHz) and r equ i r e s  s p e c i a l  cons ide ra t ion  of t he  conductor cons t ruc t ion ,  
s h i e l d i n g ,  etc. The inf luence  on the  des igns  of a l a r g e  number of po les  has been 
o f f s e t  by the  l a r g e  diameter and the  po la r  p i t c h  resul ts  as '1 = 9.24 cm or 
2 t  = 18.48 c m  which is manageable. The machine has a " s l i m "  cons t ruc t ion  - t h e  
a c t i v e  l eng th  being only 0.36 m f o r  t h e  machine and 0.2 m f o r  t he  a u x i l i a r y  
a l t e r n a t o r  ( s e l f  exc i t ed  synchronous machine ope ra t ing  i n  pulsed mode) necessary t o  
provide the  e x c i t a t i o n  f o r  t he  RFG. The presence of the  r o t o r  of t he  a u x i l i a r y  
a l t e r n a t o r  on the  same s h a f t  as t he  inner  r o t o r  of the  RFG is e s s e n t i a l  i n  a s su r ing  
t h e  des i r ed  cyc le  of t h e  operat ion f o r  t he  system. The i n e r t i a  of t he  r o t o r  of t h e  
auxi l iary a l t e r n a t o r  counts i n  t h e  discharge pulse.  The se l f - exc i t ed  a l t e r n a t o r  
has  both a three-phase and single-phase armature winding, e lec t romagnet ica l ly  
decoupled. A schematic representa t ion  of t he  genera l  c i r c u i t  is shown i n  f i g u r e  
A-1. This c i r c u i t  func t ions  a s  follows: t h e  power supply on t h e  left-hand s i d e  of 
t h e  c i r c u i t  provides  a pulse  of cur ren t  (approximately 10% of ope ra t ing  cu r ren t  o r  
1% of e x c i t a t i o n  energy) t o  the  se l f -exc i ted  a l t e r n a t o r  e x c i t a t i o n  ( s t a t o r )  winding. 
As t h i s  i n i t i a l  cu r ren t  produces f l u x  i n  the  a l t e r n a t o r  a i r  gap, t he  three-phase 
a l t e r n a t o r  r o t o r  winding begins t o  genera te  an  a l t e r n a t i n g  vol tage  which is rec- 
t i f i e d  by t h e  s t a t i o n a r y  se l f - exc i t a t ion  r e c t i f i e r  and the  c u r r e n t  IA is suppl ied t o  
t h e  a l t e r n a t o r  s t a t o r  winding causing the  a l t e r n a t o r  t o  s e l f - e x c i t e  ( f i g .  A-2b). A s  
t h e  a l t e r n a t o r  s e l f - e x c i t e s ,  t he  vol tage  produced by the  single-phase armature 
winding (VA) rises  a s  shown i n  figure A-2a. As VA reaches a peak va lue  after 220 
m s ,  i t  is connected t o  the  RFG r o t o r  winding through a making swi tch  producing t h e  
c u r r e n t  shown i n  f i g u r e  A-3a. 
A f t e r  a l lowing 1 m s  f o r  t he  e x c i t a t i o n  c u r r e n t  i n  the  RFG t o  rise, the  RFG out- 
pu t  is switched i n t o  t h e  s t a t o r  of an induct ion  a c c e l e r a t o r  designed t o  a c c e l e r a t e  a 
1-kg p r o j e c t i l e  t o  a v e l o c i t y  of 10 km/s i n  a d i s t a n c e  of 18 m. The launch requires 
3.6 m s  t o  complete. During t h i s  time t h e  RFG output  frequency rises from 427.5 t o  
load as t h e  d r i v i n g  frequency increases  ( f i g .  A-3b). This r e s u l t s  i n  an e s s e n t i a l l y  
cons t an t  output  cu r ren t  value ( f i g .  A-3c). The phys ica l  parameters of the  combined 
RF'G/excitation a l t e r n a t o r  are given i n  f i g u r e  A-4 and t a b l e  A-1. 
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EXCITATION CURRENT (a) ALTERNATOR VOLTAGE 
I 
Figure A-2. a) Alternator voltage VA resu l t ing  from 
b) e x c i t a t i o n  current IA for RFG c i r c u i t  
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Figure A-3. Rising frequency generator performance In driving a coaxial  
induction acce lerator  
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Table A-1. Rising frequency generator 
"Stator" (outer rotor)  
Diameter 2.0 m 
Active length 0.36 m 
I n i t i a l  Angular Veloc i ty  790 rad/s 
Stored Energy 208 M J  
Inner Rotor 
D i  ame t er 1.6 m 
Active Length 0.36 m 
I n i t i a l  Angular Veloc i ty  7 1 1  rad/s 
Stored Energy 108 MJ 
Number of Poles 68 
Output 
Energy 124 MJ 
I n i t i a l  Frequency 427.5 Rz 
Final Frequency 2,736 Rz 
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EDDY CURRENT LOSSES I N  THE SUPPORT STRUCTURE 
A s  s t a t e d  i n  t h e  September r e p o r t ,  t h e  use of conducting materials f o r  s t a t o r  
c o i l  suppor t  w i l l  r e s u l t  i n  eddy c u r r e n t  l o s s e s  i f  placed i n  t h e  high magnetic f i e l d  
n e a r  t h e  c o i l s .  Electromagnetic a n a l y s i s  was performed us ing  an EM f i n i t e  element 
code t o  des ign  a suppor t  s t r u c t u r e .  By us ing  ceramic t o  t r a n s f e r  t h e  fo rce  t o  an 
o u t e r  s teel  s t r u c t u r e ,  t h e  steel is d i sp laced  ou t  of t h e  high magnetic f i e l d .  For a 
s t r u c t u r e  having 5 c m  r a d i a l  t h i ckness  of ceramic and 2 c m  r a d i a l  th ickness  of steel 
on t h e  r a d i u s  ( f i g .  A-5), t h e  eddy c u r r e n t  l o s s e s  are 4.8 MJ i n  3.6 m s  o r  1.6% of 
t h e  t o t a l  launch energy. However, i f  high s t r e n g t h ,  boron-reinforced composite is  
used, t h e  eddy c u r r e n t  l o s s e s  become n e g l i g i b l y  small (64 kJ i n  3.6 ms) .  
System Electrical Conf igura t ion  
The pass ive  c o a x i a l  accelerator w i l l  be connected as a d e l t a  load t o  t h e  r i s i n g  
frequency gene ra to r .  This a l lows  each phase of s t a t o r  c o i l s  t o  be dr iven  wi th  t h e  
same vo l t age  as t h e  phase t o  phase vo l t age  ( f i g .  A-6) of t h e  genera tor ,  a l s o  
a l lowing  h ighe r  harmonics i n  t h e  system t o  be damped as c i r c u l a t i n g  cur ren ts .  
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The phasor diagram of t h e  coax ia l  a c c e l e r a t o r  v a r i e s  with the  p o s i t i o n  of t h e  
p r o j e c t i l e  i n  t h e  b a r r e l ,  s i n c e  t h e  p r o j e c t i l e  r ep resen t s  a smaller f r a c t i o n  of t h e  
s t a to r  segment as i t  advances towards t h e  umzzle. The mutual f l u x  @M induces t h e  
secondary e l ec t romot ive  f o r c e  (emf) and cu r ren t  a t  a low phase angle 9,  due t o  t h e  
s l i p  frequency. A t  t h e  same t i m e  i t  induces the  primary e lec t romot ive  f o r c e  which 
ba lances  t h e  app l i ed  vo l t age  and the  induc t ive  and r e s i s t i v e  vol tage  drop i n  t h e  
p r ipa ry .  I n  t h e  phasor diagram ( r e f e r  t o  f ig .  14),  only t h e  s t a t o r  segment con- 
t a i n i n g  t h e  p r o j e c t i l e  is considered. 
I f  t h e  diagram is redrawn i n  o rde r  t o  take  i n t o  account t h e  f a c t  t h a t  t h e  whole 
b a r r e l  is energ ized ,  t h e  vo l t age  drop t r i a n g l e  w i l l  considerably inc rease ,  
w h i l e  V1 w i l l  be rep laced  by t h e  phase vo l t age  V, appl ied  t o  t h e  coax ia l  accelera- 
to r .  
The c i r c u i t  equa t i o n s  : 
In  t h i s  case t h e  primary c u r r e n t  I becomes less dependent on t h e  load. 1 
where 
Ep = j ( d ' f I M  = E'S 
and 
11 + 1 '2  = I# 
The equ iva len t  c i r c u i t  is shown i n  f i g u r e  A-7. 
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81 m - Q U W  9 HJ/PULSE A I R  CORE COMPULSATOR 
S. B Pratap, S. M. Manifold, W. A. Walls, M. L.  Spann, and W. F. Waldon 
Center for Electronechanics 
rho University of Texas rt Austin 
Austin, TX 78758-4497 
Abs t r8c t 
O m  of the nost critical issues in taking 
electroaagnetic gun technology frca the laboratory to 
field rpplications is the compactness and portability 
of vwy hjgh energy, pulsed pomr supplies. The air 
a r e  compulsator which Is under development at CEH-UT 
.ddrcrses these requirements. The rotor of this 
w h i n e  i s  nade fron fiber reinforced epoxy coaposites 
and spins at a tip speed of 500 n/s which is rubstan- 
tlally higher than is possible with a ferromagnetic 
rotor. The higher tip speed greatly increases the 
energy density of the rotor thus reducing the size of 
the prime power source. The special structural fea- 
tures of this machine, the electrical design, and the 
cooling systen design are discussed. 
Introduction 
me 9 HJ/pulSC air core conpulsator is being 
developed as a pulsed power supply for a self sup- 
porting, skid nounted. electromagnetic gun (Em;). 
The goal of this system is to accelerate projectiles ' 
to a muzzle energy of 9 HJ, with velocities ranging 
from 2.5 to 4.0 kmh. The repetition rate for this 
system i s  20 s between shots for a total of nine 
shots. The pulsed pomr supply similar to the one 
described here may eventually be mounted in an armored 
vehicle and therefore 811 components must be compact 
and lightweight. The power density of this air core 
compulsator is 3.4 W k g  and the inertial energy den- 
sity i s  16 kJ/kg compared to 0.17 1M/kg and 3.45 kJ/kg 
for conpulsators Using ferroaagnetic naterials. The 
other salient parameters of this machine are sunna- 
rized in Table 1. 
Tablo 1. Muhino porrwtors 
Poruotor unit. va1u 
Opon circui t  volt- 
Muhino inductana 
kchim rasistanw 
k a k  dischorgo curront 

















Tno possible machine configurations were con- 
sidered. The first one being a shell type rotor spin- 
ning outside the stator (fig. 1). This geometry has 
the advantage that the high strength f iber-epoxy con- 
posite, besides storing the required inertial energy, 
also provides banding for the delicate armature 
winding. The second geometry, which is more conven- 
tional, has the rotor spinning inside the stator (fig. 
2.). This rotor has a loner energy density compared 
to the shell-type rotor, however the stator in this 
nachine provides containnent structure in case of l 
rotor failure. Therefore, after considering rotor 
containnant the machine with the second geometry has a 
better overall energy density. In both the- 
geometries the armature winding spins with the rotor, 
whereas the field coil Is stationary. 
Figure 1. Air core conpulsator with external rotor 
Figure 2. Air core coapulsator with internal rotor 
Ocsian of the Stator 
The stator is comprised of the compensating 
shield, the field coil, the stator housing and the end 
plates. The ccapensating shield provides passive, 
eddy current compensation for the arnature winding and 
sustains the full discharge torque (26 HN-n) and pres- 
sure (62 HPa). Therefore the compensating shield 
needs to be highly conductive and strong. Aluminun 
was selected as the shield naterial since it is light. 
In order to enable the shield to withstand the mechan- 
ical loading during discharge it is banded with a h.igh 
strength graphite fiber-epoxy wrapping. The discharge 
torque generated in the shield is transmitted to the 
stator housing through support plates which are placed 
at regular intervals along the axial length. 
The field coil, which is made froa aluninun con- 
ductors, provides the excitation nagnetic field. Its 
geonetry is very different frcm most rir core nachi- 
nos, which use a distributed field coil. Figure 3 
shorn the cross section of the field coil and its 
location relative to the rotor. Also shown in figure 
3 is the radial flux density distribution at the 
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radius o f  the armature winding. This f i e l d  c o i l  geom- 
e t ry  has several advantages over the distr ibuted f i e l d  
c o i l  -try, they are: 
1) The shear stress d is t r ibut ion at peak current i s  
uniformly distr lbuted along the armature windlng 
due t o  the nature of  the radial  f l ux  density 
d is t r lbut ion.  
I t  allows the stator housing t o  d i rec t l y  support 
the shield under the discharge loads. This would 
be d i f f i c u l t  t o  achieve with a distr ibuted f i e l d  
coil. 
3) The forces generated i n  the f i e l d  c o i l  are l o re  
manageable since the displacement under these 
forces i s  directed rad ia l l y  outward, away from 
the rotor. 
4) This -try s impl i f ies the fabr icat ion and 
2) 
assoably o f  the f i e l d  co i l .  
Figure 3. Fie ld  c o i l  geometry and rad ia l . f l ux  
density d is t r ibut ion 
t 
The f i e l d  c o i l  provides 5 MA-T per pole excita- 
t i o n  8 t  a no8inal current density of  3.0 kA/cm2. I n  
order t o  reduce the losses i n  the f i e l d  c o i l  a t  t h i s  
current density i t  i s  cooled t o  80 K with l i qu id  
nitrogcn. This i s  especially inportant since the 
f i e l d  c o i l  operates i n  a self-excited .ode, where the 
magnetic energy and the resist ive losses are supplied 
from the rotor i n e r t i a l  energy. 
The stator housing supports the f i e l d  coi ls,  the 
brush aechanism, and the bearings besides providing 
.cchanical support t o  the shield. In  order t o  make 
the machine lightweight the stator housing i s  also 
made wl th  a lm inm.  An exploded view of  the various 
stator components i s  shown I n  figure 4. 
Figure 4. Isometric sketch of  Stator assembly 
Design o f  the Rotor 
The  ro tor  can be divided in to the fo l loning main 
components: the shaft, the flywheel, the armature 
w i n d i n g  and the armature overwrap. A l l  the structural  
components on the rotor are ma& wi th  fiber-reinforced 
epoxy composites. These high strength materials allow 
high r o f k i o n a l  speeds and correspondingly high 
stresses I n  the rotor and also minimizes the mass of 
the rotor.  Fiber reinforced epoxy systems have ani- 
sotropic aechanical properties with the best m h a n i -  
ca l  properties i n  the direct ion of  the f ibers.  The 
structural  components of  the rotor are made froa uni- 
d i rect ional  f ibers, oriented i n  a manner t o  f u l l y  u t i -  
l i z e  the properties of  these fibers. 
T h e  shaft must have a high rodulus ' in  the flexu- 
r a l  mode i n  order t o  ensure sub-cr i t ical  operation of  
the machine a t  f u l l  speed. The shaft i s  therefore 
made o f  a x i a l l y  oriented fibers. Mechanically, graph- 
it. f ibers would be an ideal choice f o r  the shaft 
material, however, they are conductive. Tlm conduc- 
t i v i t y  o f  these f ibers  i s  about 10,000 mho/. along the 
fibers and about 100 t o  200 &/m transverse t o  the 
fibers. Tlm transverse conductivity being pr imari ly 
due to  f iber- to- f iber contact. The resul t  o f  the con- 
duc t i v i t y  i s  that  oddy current losses are incurred i n  
these f ibers  since they rotate i n  a magnetic f l e l d  of  
about 2.4 I oriented perpendicular t o  the anis of 
rotation. From the eddy current stand point boron 
f ibers would be better, however, t h i s  material i s  ver 
costly. I n i t i a l  tests indicate that combining Kevlar 
wi th  graphite f i be r  w i l l  reduce the transverse conduc- 
t l v i t y  t o  an acceptable value for  use i n  the shaft. 
I n  order t o  provide strength to  the shaft under cen- 
t r i f u g a l  loads i t  Is wrapped with a t h i n  layer of  azi- 
muthally directed fibers. 
r 
The function of  the flywheel i s  t o  store the 
required i n e r t i a l  energy. I t i s  made wi th  f ibers  
wound azimuthally i n  order t o  enable the flywheel t o  
withstand centr i fugal  loads. The secondary function 
o f  the flywheel i s  t o  provide the shaft wi th added 
strength under centrifugal loads. Kevlaf l  f iber  i s  
selected as the flywheel material due t o  i t s  high spe- 
c i f i c  strength and because l t  i s  nonconductive. 
The armature winding i s  wound on the surface o f  
the flywheel w i th  the end turns completed over the 
ax ia l  faces. The lap wound armature winding has s i x  
conductors per pole and i s  made of  stranded and trans- 
posed conductors. The armature conductor i s  22.6 CB 
wida and about 1.73 cm th ick and incorporates cooling 
passages. I n  order t o  protect the armature winding 
from centr i fugal  loads i t  i s  banded with high strength 
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g r g h i t e  epoxy composite. This banding i s  discontinu- 
ov. ax ia l l y  I n  order t o  reduce the eddy current 
losses. The dlscharge torque acting on the armature 
* w i n d i n g  i s  transmitted t o  the flynheel through an 
epoxy bond on the surface of the flynheel. This bond 
exhibi ts e hlgh shear strength when I t  i s  under 
coqccssion. The gronth of  the flywheel and the a r u -  
tu- banding i s  designed to  maintain the bond under 
coqmrssion at  a l l  speeds. 
I t  must 
k dcrigned so that the centrifugal loading on the end 
turns i s  s y n e t r l c a l  about the rotor 0x1s t o  mlnimlze 
i b r l . n c e  and must be arranged so that the centrifugal 
I& on the araature winding i s  supported unl foraly 
along thc face o f  the rotor  rather than act cuaulati- 
wly In the armature bandlng. The armature end turn 
lyan fo r  the tno ends of  tho rotor i s  shonn i n  
The armature end turn design I s  complex. 
ti- 5. 
S P A W I  
ARMATME UO TURN U Y A T U M  UID NM 
*oLcEoN*IclIo* END COw*€clD* END 
Figure 5. Armature end turn 
Figure 6. F ie ld  c o i l  conductors n i t h  cooling passages 
Desi- of  the Coolina System 
I?IO tvm components of the machine which require 
=ti* cooling are the f i e l d  c o i l  which i s  l iqu id  
nit-n cooled, and the armature winding which i s  
9- he l i rn  cooled. 
conductors n i t h  the cooling pas- I s  Shawn i n  fig; 
u n  6. The cooling passages are formed by insulating 
spacers placed k t m e n  adjacent conductors. The l i q -  
u id  nitrogen therefore colbs i n  d i rect  contact with 
the conductors. Tno methods w r e  investigated to  
m a Q l i s h  the cooling. One was high pressure forced 
convection boiling and the second was low pressure 
pool boi l ing.  The heat transfer coeff ic ient  i s  much 
higher for  the forced convection case, homver, the 
dr-k i s  that the f l u i d  temperature must be raised 
t o  the saturation temperature at  the appl ied pressure 
before vaporization. This implies that the c o i l  must 
operate at  a higher temperature, therefore lon pres- 
sure pool bo i l i ng  was adopted. With pool bo i l i ng  i t  
i s  c r i t i c a l  t o  exhaust the vapor ef fect ive ly  i n  order 
t o  allow the c o i l  surface t o  be i n  contact n i t h  the 
l iquid. Therefore, the coolant must be s l i g h t l y  
pressurized. A t  present, scaled experiments are undt- 
may t o  determine optimum coolant passage sizes a d  
pressures required t o  achieve ef fect ive pool cooling. 
The amount of  l i q u i d  nitrogen vaporized per shot i s  
e s t i u t e d  t o  be about 2.67 gal for  the ent i re  co i l .  
A section of  the fteld c o i l  
- 
because any phase change of the coolant i n  the arma- 
ture w i n d i n g  would resul t  i n  high fabalance forces on 
the rotor.  Insterd a l ight  gas such u hcl i tm i s  
being considered. A conceptual schematic of an a r u -  
ture cool ing c i r c u i t  i s  shown i n  f igure 1. The cool- 
ing passages within the 8rmature conductors are 
directed ax ia l l y  and the helium i n l e t  and out let  pas- 
sages are located at the center o f  the ro to r  shaft. 
The h e l i r n  i s  pumped through the cooling passeges by a 
compressor b u i l t  in to  the shaft. 
Figure 7. Armature cooling c i r c u i t - -  
conceptual schematic 
The cooling o f  the armature winding i s  more co.- 
p l i u t e d  than the cooling of the f l e l d  c o i l  since i t  
rotates at 8 high t l p  speed on the pcriphery o f  the 
rot#. Liquids were eliminated as a Coolant for the 
amatwe winding kcause of t he i r  high densities and 
' Operational Characteristics 
The rotor  of  the conpulsator i s  accelerated to  
10,000 rp. wi th  a gas t u r b l w  through a gea-x and 
c lu t ch  system. The discharge sequence i s  carrled out 
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in tro stages. During tho first stage the inertial 
energy of the rotor is converted into nagnetic energy 
of the excitation nagnetic field and resistive disri- 
pation in the field coil. During the second stage the 
inertial energy of the rotor i s  used to drive the 
elwtramagnetic 8ccelerator. A typical rotor speed VI 
time curve during dlscharge is shonn in figure 8. 
Aftw the second stage the turbine re-motors the rotor 
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Figure 9. Excita'tion circuit schematic 
e 1 
I I I I I 1 
0.50 1.0 1.5 2.0 25 3.0 
TIME (sec) 
Figure 8. Machine speed during the t w  
discharge stages 
Ouring the first stage of the discharge the field 
coi l  i s  energized in 8 self-excited mode. Figure 9 
shows the circuit schematic of the self-excitation 
system. In order to initirte tho process 8 current of 
600 A i s  injected into tho field coil with the aid of 
8 brttery and 8 snitch. Thereafter the Current con- 
trol SUts are triggered in succession and the arnature 
volt- ramps the  current i n  the field co i l  through 
the full wave rectifier. The current rises exponen- 
tially (positive exponent) to 8 naximur of 10 kA. 
At d i c h  point the sccond stage of the discharge i s  Figure 10. -1S8tOr voltage 8nd current 
initiated. The current and voltage of the conpulsator 
during the second stage discharge is shonn in figure 
10. The imwrtant pcrfornance parameters of 
0 
Turt(..s) -10.1 
during second stage discharge 
..chine are sumnarized'in Table 2. 
the 
Acknorrledgenents 
Table 2. Perforarnce P i r r H t C r S  
PARAKETER 
f i e l d  current density 
Generrted Voltage 
Peak current 
Energy i n  project i le  
Energy from rotor 
Tenperrturr r4s8 
i n  r r a r t u r r  
Teaperaturr r i s e  
I n  shield 
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S p e c i f i c  g r a v i t y  of t h e  c o n d u c t i n g  mater ia l  = 2.7000 
C u r r e n t  rise-time ( q u a r t e r - c y c l e  1 = 0.48000 s e c o n d  
P e r L o d  of t h e  d r i v i n g  c u r r e n t  * 1.9200 s e c o n d  
= 480.00 m i l l i s e c o n d .  
= 1920.0 m i l l i s e c o n d  
F r e q e n c y  of t h e  d r i v i n g  c u r r e n t  = 0.52083 Hert z 
Number of t u r n s  = 4  
C y l i n d e r  number 1 : 
I n n e r  r a d i u s  = 0.00000 i n c h e s  = 0.00000 c m  
Cuter r a d i u s  = 4.8010 i n c h e s  = 12.195 c m  
Wall t h i c k n e s s  = 4.8010 i n c h  = 12.195 c m  
L e n g t h  = 192.00 i n c h  = 487.68 c m  
R e s i s t i v i t y  = 1.141703-06 Ohm-inch = 2.899923-06 Ohm-cm 
S k i n  depth = 4.6755 i n c h ( e s )  = 11.876 c m  
Volume = 0.22783 meter**3 
Mass = 615.15 kg = 1356.2 lbs. 
dc r e s i s t a n c e  = 3.027193-06 Ohms = 3.0272 microohm 
a= r e s i s t a n c e  = 3.314233-06 Ohms = 3.3142 mi cr oohm 
Rac/Rdc r a t i o  = 1.095 
* I r d u c t a n c e  of space b e t w e e n  C y l i n d e r  # 0 & # 1 = 0.0000 m i c r o E e n r y .  
* I r d u c t a n c e  of C y l i n d e r  # 1 = 0.2438 microHenry  
E a t  i n n e r  r a d i u s  of c y l i n d e r  i s  0.00000 A/m per 1 Ampere c u r r e n t  
H a t  o u t e r  r a d i u s  of c y l i n d e r  i s  1.3051 A/m per 1 Ampere c u r r e n t  
* Assuming u n i t  re la t ive p e r m e a b i l i t y :  
* B a t  i n n e r  r a d i u s  of c y l i n d e r  i s  0.00000 T e s l a  per MA c u r r e n t  
B a t  o u t e r  r a d i u s  of c y l i n d e r  i s  1.6401 T e s l a  per MA c u r r e n t  
C y l i n d e r  number 2 : 
Z n n e r  r a d i u s  = 5.3010 i n z h e s  = 13.465 c m  
h t e r  r a d i u s  = 1.1520 i n c h e s  = 18.166 c m  
H a l l  t h i c k n e s s  = 1.8510 i n c h  = 4.7015 c m  
L e n g t h  = 189.00 i n c h  = 480.06 c m  
Resistivity = 1.14170E-06 Ohm-inch = 2.899923-06 Ohm-cm 
S k i n  d e p t h  = 4.6755 i n c h ( e s )  = 11.876 c m  
Volume = 0.22428 meter**3 
Mass = 605.56 k g  = 1335.0 lbs . 
dc r e s i s t a n c e  = 2.979183-06 Ohms = 2.9798 microoh 
ac r e s i s t a n c e  = 3.035023-06 Ohms = 3.0350 mi c r oohm 
RacllRdc r a t i o  = 1.019 
* I r d u c t a n c e  of space b e t w e e n  C y l i n d e r  # 1 L # 2 = 9.5875E-02 microHenry .  
* I z d u c t a n c e  of C y l i n d e r  # 2 = 0.6281 microHenry  
* H a t  i n n e r  r a d i u s  of c y l i n d e r  is 1.1820 A/m per 1 Ampere c u r r e n t  
* E a t  o u t e r  r a d i u s  of c y l i n d e r  i s  1.7522 A/m per 1 Ampere c u r r e n t  
* Assuming u n i t  re la t ive p e r m e a b i l i t y :  
B a t  i n n e r  r a d i u s  of c y l i n d e r  i s  1.4854 T e s l a  per MA c u r r e n t  
* B a t  o u t e r  r a d i u s  of c y l i n d e r  i s  2.2019 T e s l a  per YA c u r r e n t  
C y l i n d e r  number 3 : 
Imer  r a d i u s  = 1.6520 i n c h e s  = 19.436 c m  
OJter r a d i u s  = 9.0340 i n c h e s  = 22.946 c m  
Wall t h i c k n e s s  = 1.3820 i n c h  = 3.5103 c m  
L e n g t h  = 186.00 i n c h  = 412.44 cm 
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R e s i s t i v i t y  - 1.141703-06 Ohm-inch - 2.899923-06 Ohm-cm 
S k i n  d e p t h  = 4.6755 i n c h ( e s )  - 11.876 cm 
Volume = 0.22081 meter * 3 
Mass = 596.19 kg = 1314.4 lbs .  
dc r e s i s t a n c e  - 2.931263-06 Ohms - 2.9313 microohm 
ac r e s i s t a n c e  = 2.977993-06 Ohms = 2.9780 mic r oOhm 
Rac/Rdc r a t i o  = 1.016 
I n d u c t a n c e  of space b e t w e e n  C y l i n d e r  # 2 6 # 3 - 0.2514 microHenry .  
I n d u c t a n c e  of C y l i n d e r  # 3 = 0.9719 microHenry  
* B a t  i n n e r  r a d i u s  of c y l i n d e r  is 1.6377 A/m per 1 Ampere c u r r e n t  
* B a t  o u t e r  r a d i u s  of c y l i n d e r  is 2.0808 A/m per 1 Ampere c u r r e n t  
* Assuming u n i t  r e l a t ive  p e r m e a b i l i t y :  
B a t  i n n e r  r a d i u s  of c y l i n d e r  is 2.0580 Tesla per MA c u r r e n t  
B a t  o u t e r  r a d i u s  of c y l i n d e r  is 2.6148 Tesla per MA c u r r e n t  
C y l i n d e r  number 4 : 
I n n e r  r a d i u s  = 9.5340 i n c h e s  = 24.216 cm 
O u t e r  r a d i u s  = 10.670 i n c h e s  = 27.102 c m  
Wall t h i c k n e s s  = 1.1360 i n c h  = 2.8854 cm 
L e n g t h  = 183.00 i n c h  = 464.82 cm 
R e s i s t i v i t y  = 1.141703-06 Ohm-inch = 2.899923-06 Ohm-cm 
S k i n  d e p t h  = 4.6755 i n c h ( e s )  = 11.876 cm 
Volume = 0,21623 meter * * 3 
Mass = 583.82 k g  = 1287.1 lbs . 
dc r e s i s t a n c e  = 2.891593-06 Ohms = 2.8976 micr oOhm 
ac r e s i s t a n c e  = 2.93888E-06 Ohms = 2.9389 microohm 
R a c / R d c  r a t i o  = 1.014 
I n d u c t a n c e  of space b e t w e e n  C y l i n d e r  # 3 6 # 4 = 0.4544 microHenry .  
* I n d u c t a n c e  of C y l i n d e r  # 4 = 1.277 microHenry  
A / m  per 1 Ampere c u r r e n t  
A/m per 1 A m p e r e  c u r r e n t  
Tesla per MA c u r r e n t  
Tesla per MA c u r r e n t  
H a t  i n n e r  r a d i u s  of c y l i n d e r  is 1.9717 
* B a t  o u t e r  r a d i u s  of c y l i n d e r  is 2.3490 
* Assuming u n i t  re la t ive p e r m e a b i l i t y :  
B a t  i n n e r  r a d i u s  of c y l i n d e r  is 2.4777 
B a t  o u t e r  r a d i u s  of c y l i n d e r  i s  2.9518 
C y l i n d e r  number 5 : 
I n n e r  r a d i u s  = 62.500 i n c h e s  = 158 75 c m  
Outer radius - 63.000 inches = 160 02 Clll 
Wall t h i c k n e s s  = 0,50000 i n c h  = 1.2 00 cm 
L e n g t h  = 183.00 i n c h  = 464.82 c m  
R e s i s t i v i t y  = 1.141703-06 Ohm-inch = 2.899923-06 Ohm-cm 
S k i n  d e p t h  = 4.6755 i n c h ( e s )  = 11.876 c m  
Volume = 0.59117 meter *3 
Mass = 1596.2 kg = 3518.9 lbs. 
dc r e s i s t a n c e  = 1.059843-06 Ohms = 1.0598 microohm 
ac r e s i s t a n c e  = 1.060403-06 Ohms = 1.0604 microohm 
Rac/Rdc r a t i o  = 1.001 
I z d u c t a n c e  of space b e t w e e n  C y l i n d e r  # 4 h # 5 = 26.29 microHenry  
* I n d u c t a n c e  of C y l i n d e r  # 5 = 9.14283-02 microHenry  
H a t  i n n e r  r a d i u s  of c y l i n d e r  i s  0.40102 A/m per 1 Ampere c u r r e n t  
* H a t  o u t e r  r a d i u s  of c y l i n d e r  is 0.29837 A/m per 1 Ampere c u r r e n t  
Assuming u n i t  r e l a t ive  p e r m e a b i l i t y :  
B a t  i n n e r  r a d i u s  of c y l i n d e r  i s  0.50393 T e s l a  per MA c u r r e n t  
B a t  o u t e r  radius of c y l i n d e r  is 0.37495 Tesla per MA c u r r e n t  
C y l i n d e r  number 6 : 
I n n e r  r a d i u s  = 63.500 i n c h e s  = 161.29 c m  
O u t e r  r a d i u s  - 64.000 i n c h e s  - 162.56 c m  
Wall t h i c k n e s s  - 0.50000 i n c h  - 1.2700 cm 
L e n g t h  = 186.00 i n c h  = 412.44 cm 
R e s i s t i v i t y  = 1.141703-06 Ohm-inch = 2.899923-06 Ohm-cm 
S k i n  d e p t h  = 4.6755 i n c h ( e s )  = 11.876 c m  
Volume = 0,61044 meter * 3 
Mass = 1648.2 k g  = 3633.6 lbs.  
dc r e s i s t a n c e  = 1.06031E-06 Ohms = 1.0603 microohm 
ac r e s i s t a n c e  = 1.069603-06 Ohms = 1.0606 microohm 
Rac/Rdc r a t i o  = 1.000 
I n d u c t a n c e  of space be tween  C y l i n d e r  # 5 6 # 6 = 6.66833-02 microHenry .  
* I n d u c t a n c e  of C y l i n d e r  # 6 = 4.69843-02 microHenry  
* H a t  i n n e r  r a d i u s  of c y l i n d e r  is 0.29602 A / m  per 1 Ampere c u r r e n t  
* H a t  o u t e r  r a d i u s  of c y l i n d e r  is 0.19581 A/m per 1 Ampere c u r r e n t  
* Assuming u n i t  relative p e r m e a b i l i t y :  
B a t  i n n e r  r a d i u s  of c y l i n d e r  is 0.31200 Tesla per MA c u r r e n t  
B a t  o u t e r  radius of c y l i n d e r  is 0.24606 Tesla per MA c u r r e n t  
C y l i n d e r  number 7 : 
I n n e r  r a d i u s  = 64.500 i n c h e s  = 163.83 c m  
O u t e r  r a d i u s  = 65.000 i n c h e s  = 165.10 c m  
Wall t h i c k n e s s  = 0.50000 i n c h  = 1.2700 c m  
L e n g t h  = 189.00 i n c h  = 480.06 c m  
R e s i s t i v i t y  = 1.141703-06 Ohm-inch - 2.899923-06 Ohm-cm 
S k i n  d e p t h  = 4.6755 i n c h ( e s )  - 11.876 c m  
Volume = 0.63001 meter * * 3 
Mass = 1701.0 kg  = 3750.1 lbs.  
dc r e s i s t a n c e  = 1.060783-06 Ohms = 1.0608 m i c r  oOhm 
ac r e s i s t a n c e  = 1.060883-06 Ohms = 1.0609 microohm 
Rac/Rdc r a t i o  = 1,000 
* I n d u c t a n c e  of space between C y l i n d e r  # 6 6 # I = 2.96503-02 microHenry .  
* I n d u c t a n c e  of C y l i n d e r  # 7 = 1.73283-02 microHenry  
* H a t  i n n e r  r a d i u s  of c y l i n d e r  is 0.19429 A/m per 1 Ampere c u r r e n t  
* H a t  o u t e r  r a d i u s  of c y l i n d e r  is 9.639913-02 A i m  per 1 A m p e r e  c u r r e n t  
Assuming u n i t  r e la t ive  p e r m e a b i l i t y :  
B a t  i n n e r  r a d i u s  of c y l i n d e r  is 0.24415 Tesla per MA c u r r e n t  
* B a t  o u t e r  r a d i u s  of c y l i n d e r  is 0.12113 Tesla  p e r  MA c u r r e n t  
C y l i n d e r  number 8 : 
I n n e r  r a d i u s  = 65.500 i n c h e s  = 166.37 c m  
O u t e r  r a d i u s  = 66.000 i n c h e s  = 167.64 c m  
Wall t h i c k n e s s  = 0.50900 i n c h  = 1.2700 c m  
L e n g t h  = 192.00 i n c h  = 487.68 c m  
R e s i s t i v i t y  = 1.141703-06 Ohm-inch = 2.899923-06 Ohm-cm 
S k i n  d e p t h  = 4.6755 i n c h ( e s )  11.876 c m  
Volume = 0.64990 meter * *3 
Mass = 1754.7 kg = 3868.5 lbs. 
dc r e s i s t a n c e  = 1.061233-06 Ohms = 1.0612 microohm 
ac r e s i s t a n c e  = 1.061243-06 Ohms = 1,0612 microOhm 
Rac/Rdc r a t i o  = 1.000 
* I n d u c t a n c e  of space between C y l i n d e r  # 7 6 # 8 = 7.41573-03 microHenry .  
I n d u c t a n c e  of C y l i n d e r  # 8 = 2.4818E-03 microHenry  
H a t  i n n e r  r a d i u s  of c y l i n d e r  is 9.566323-02 A/m per 1 A m p e r e  c u r r e n t  
* H a t  outer  radius of c y l i n d e r  is 0.00000 A/m per 1 Ampere c u r r e n t  
* Assuming u n i t  r e l a t ive  p e r m e a b i l i t y :  
* B a t  i n n e r  r a d i u s  of c y l i n d e r  i s  0.12021 Tesla per MA c u r r e n t  
* B a t  o u t e r  r a d i u s  of c y l i n d e r  is 0.00000 Tesla p e r  MA c u r r e n t  
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End Plate number 
Inner radius - 
Outer radius = 
Plate thickness = 
Resistivity = 
Skin depth = 
Volume = 
Mass = 
dc resistance = 
ac resistance - 
Rac/Rdc ratio = 
End Plate number 
Inner radius = 
Outer radius = 
Plate thickness = 
Resistivity = 
Skin depth = 
Volume = 
Mass = 
dc resistance = 
ac resistance = 
Rac/Rdc ratio = 
End Plate number 
Inner radius = 
Outer radius = 
Plate thickness = 
Resistivity = 
Skin depth = 
Volume = 
Mass = 
dc resistance = 
ac resistance = 
Rac/Rdc ratio = 
End Plate number 
Inner radius = 
Outer radius = 
Plate thickness = 
Resistivity = 
Skin depth = 
Volume = 
Mass = 
dc resistance = 
ac resistance = 
Rac/Rdc ratio = 
1 :  
10.670 inches - 27.102 cm 
62.500 inches = 158.75 cm 
1.0000 inch = 2.5400 cm 
4.6755 inch(es) = 11.876 cm 
527.14 kg = 1162.1 lbs . 
1.141703-06 Ohm-inch = 2.899923-06 OHM-cm 
0.19523 meter * *3 
3.212093-07 Ohms = 0.32120 microohm 
3.239573-07 Ohms = 0,32395 microohm 
1.0086 






















inches = 22.946 cm 
inches = 161.29 cm 
inch = 2.5400 cm 
Ohm-inch = 2.899923-06 OHM-cm 
inch(es) = 11.876 cm 
meter **3 
kg = 1210.6 lbs. 
Ohms = 0.35433 microohm 
Ohms = 0.35588 micr oOhm 
inches = 18.166 cm 
inches = 163.83 cm 
inch = 2.5400 cm 
Ohm-inch = 2.899923-06 OHM-cm 
inch(es) = 11.876 cm 
meter * * 3 
kq = 1259.2 lbs. 
Ohms = 0.39962 microohm 
Ohms = 0.40025 microohm 
4 :  
4.8010 inches = 12.195 cm 
65.500 inches = 166.37 cm 
1.0000 inch = 2.5400 cm 
4.6755 inch(es) = 11.876 cm 
593.14 kg = 1307.6 lbs. 
1.141703-06 Ohm-inch = 2.899923-06 OHM-cm 
0.21968 meter **3 
4.748423-07 Ohms = 0.47484 microOhm 
4.749303-07 Ohms = 0.47493 microohm 
1.0002 
* Inner radius of innermost inner cylinder = 0.0000 " = 0.0000 cm 
* Outer radius of outermost inner cylinder = 10.67 = 27.10 cm 
* Inner radius of innermost outer cylinder = 62.50 I* = 158.7 cm 
* Outer radius of outermost outer cylinder = 66.00 I' = 167.6 cm 
* Length of air enclosed by innermost turn - 181. inches = 4.5974 meters 
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O u t e r  r a d i u s  - 64.000 i n c h e s  = 162.56 c m  
Wall t h i c k n e s s  = 0.50000 i n c h  = 1.2700 c m  
Leng th  - 186.00 i n c h  = 472.44 cm 
R e s i s t i v i t y  = 1.141703-06 Ohm-inch = 2.899923-06 Ohm-cm 
S k i n  d e p t h  - 4.6755 i n c h ( e s )  = 11.876 c m  
Volume = 0,61044 meter * 3 
Mass - 1648.2 kg = 3633.6 lbs. 
dc r e s i s t a n c e  = 1.060313-06 Ohms = 1.0603 microohm 
ac r e s i s t a n c e  = 1.06060E-06 Ohms = 1.0606 micr oOhm 
Rac/Rdc r a t i o  - 1.000 
* I n d u c t a n c e  of space be tween C y l i n d e r  # 5 6 I 6 - 6.66833-02 microHenry .  
I n d u c t a n c e  of C y l i n d e r  # 6 = 4.6984E-02 microHenry 
* H a t  i n n e r  r a d i u s  of c y l i n d e r  is 0.29602 A/m per 1 Ampere c u r r e n t  
* H a t  o u t e r  r a d i u s  of c y l i n d e r  is 0.19581 A/m per 1 Ampere c u r r e n t  
* Assuming u n i t  re la t ive p e r m e a b i l i t y :  
* B a t  i n n e r  r a d i u s  of c y l i n d e r  is 0.31200 Tesla per MA c u r r e n t  
B a t  o u t e r  r a d i u s  of c y l i n d e r  is 0.24606 Tesla per MA c u r r e n t  
C y l i n d e r  number 7 : 
I n n e r  r a d i u s  = 64.500 i n c h e s  = 163.83 cm 
O u t e r  r a d i u s  = 65.000 i n c h e s  = 165.10 c m  
Wall t h i c k n e s s  = 0.50000 i n c h  = 1.2700 c m  
L e n g t h  = 189.00 i n c h  = 480.06 cm 
R e s i s t i v i t y  = 1.141703-06 Ohm-inch = 2.899923-06 Ohm-cm 
S k i n  d e p t h  = 4.6755 i n c h ( e s )  = 11.876 c m  
Volume = 0.63001 meter**3 
Mass = 1701.0 kg = 3750.1 lbs . 
dc r e s i s t a n c e  = 1.06078E-06 Ohms = 1.0608 microohm 
ac r e s i s t a n c e  = 1.060883-06 Ohms = 1.0609 micr oOhm 
R a c / R d c  r a t i o  = 1.000 
I n d u c t a n c e  of space between C y l i n d e r  d 6 6 # 7 = 2.9650E-02 microHenry  
* I n d u c t a n c e  of C y l i n d e r  # 7 = 1.73283-02 microHenry 
* H a t  i n n e r  r a d i u s  of c y l i n d e r  is 0.19429 A/m per 1 Ampere c u r r e n t  
* H a t  o u t e r  r a d i u s  of c y l i n d e r  is 9.639913-02 A/m per 1 Ampere c u r r e n t  
* Assuming u n i t  r e l a t i v e  p e r m e a b i l i t y :  
* B a t  i n n e r  r a d i u s  of c y l i n d e r  is 0.24415 Tesla p e r  MA c u r r e n t  
* B a t  o u t e r  r a d i u s  of c y l i n d e r  is 0.12113 Tesla per MA c u r r e n t  
C y l i n d e r  number 8 : 
I n n e r  r a d i u s  = 65.500 i n c h e s  = 166.37 c m  
O u t e r  r a d i u s  = 66.000 i n c h e s  = 167.64 c m  
Wall t h i c k n e s s  = 0.50000 i n c h  = 1.2700 c m  
L e n g t h  = 192.00 i n c h  = 487.68 c m  
R e s i s t i v i t y  = 1.141703-06 Ohm-inch = 2.899923-06 Ohm-cm 
S k i n  d e p t h  = 4.6755 i n c h ( e s )  = 11.876 c m  
Volume = 0.64990 meter**3 
Mass = 1754.7 kg = 3868.5 lbs .  
dc r e s i s t a n c e  = 1.061233-06 Ohms = 1.0612 microohm 
ac r e s i s t a n c e  = 1.061243-06 Ohms = 1.0612 microohm 
Rac/Rdc r a t i o  = 1.000 
I n d u c t a n c e  of space be tween C y l i n d e r  I 7 & # 8 = 7.41573-03 microHenry .  
* I n d u c t a n c e  of C y l i n d e r  # 8 = 2.4818E-03 microHenry 
* H a t  i n n e r  r a d i u s  of c y l i n d e r  is 9.566323-02 A/m per 1 Ampere c u r r e n t  
* H a t  o u t e r  r a d i u s  of c y l i n d e r  is 0.00000 A/m per 1 Ampere c u r r e n t  
* Assuming u n i t  r e l a t i v e  p e r m e a b i l i t y :  
* B a t  i n n e r  r a d i u s  of c y l i n d e r  is 0.12021 Tesla p e r  MA c u r r e n t  
* B a t  o u t e r  r a d i u s  of c y l i n d e r  is 0.00000 Tesla per MA c u r r e n t  
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End Plate number 
Inner radius - 
Outer radius - 
Plate thickness = 
Resistivity = 
Skin depth - 
Volume = 
Mass = 
dc resistance = 
ac resistance - 
Rac/Rdc ratio = 
End Plate number 
Inner radius = 
Outer radius = 
Plate thickness = 
Resistivity = 
Skin depth = 
Volume = 
Mass = 
dc resistance = 
ac resistance = 
Rac/Rdc ratio = 
End Plate number 
Inner radius = 
Outer radius = 
Plate thickness = 
Resistivity = 
Skin depth = 
Volume = 
Mass = 
dc resistance = 
ac resistance = 
Rac/Rdc ratio = 
End Plate number 
Inner radius = 
Outer radius = 
Plate thickness = 
Resistivity = 
Skin depth = 
Volume = 
Mass = 
dc resistance = 
ac resistance = 
Rac/Rdc ratio = 











inches - 27.102 cm 
inches = 158.75 cm 
inch = 2.5400 cm 
Ohm-inch - 2.899923-06 OHM-cm 
inch(es) - 11.876 cm 
meter 3 
kg = 1162.1 lbs. 
Ohms = 0.32120 micr oOhm 
Ohms = 0,32395 microohm 
2 :  
9.0340 inches = 22.946 cm 
63.500 inches = 161.29 cm 
1.0000 inch = 2.5400 cm 
4.6155 inch(es) = 11.876 cm 
549.14 kg = 1210.6 lbs. 
1.141703-06 Ohm-inch = 2.899923-06 OHM-cm 
0.20338 meter * * 3 
3.543373-07 Ohms = 0.35433 microohm 
3.558863-07 Ohms = 0.35588 micr oOhm 
1.0044 
3 :  
7.1520 inches = 18.166 cm 
64.500 inches = 163.83 cm 
1.0000 inch = 2.5400 cm 
4.6755 inch(es) = 11.876 cm 
571.16 kg = 1259.2 lbs. 
1.141103-06 Ohm-inch = 2.899923-06 OHM-cm 
0.21154 meter **3 
3.996243-07 Ohms = 0.39962 microohm 
4.002563-07 Ohms = 0.40025 microohm 
1.0016 
4 :  
4.8010 inches = 12.195 cm 
65.500 inches = 166.37 cm 
1.0000 inch = 2.5400 cm 
4.6755 inch(es) = 11.876 cm 
593.14 kg = 1307.6 lbs . 
1.141703-06 Ohm-inch = 2.899923-06 OHM-cm 
0.21968 meter * * 3 
4.748423-07 Ohms = 0.47484 microOhm 
4.749303-01 Ohms = 0.47493 microOhm 
1.0002 
* Inner radius of innermost inner cylinder = 0.0000 I, = 0.0000 cm 
cm Outer radius of outermost inner cylinder = 10.67 
* Inner radius of innermost outer cylinder = 62.50 'I = 158.7 cm 
* Outer radius of outermost outer cylinder = 66.00 ,I = 167.6 cm 
'' = 27.10 
* Length of air enclosed by innermost turn = 181. inches = 4.5974 meters 
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T o t a l  t h i c k n e s s  of t h e  e n d - p l a t e s  a t  e a c h  e n d  of t h e  i n d u c t o r .  
( i n c l u d i n g  i n s u l a t i o n s )  = 5 . 5  i n c h e s  = 1 3 . 9 7  c m  
* The overa l l  l e n g t h  of t h e  i n d u c t o r  = 1 9 2 .  i n c h e s  = 1 6 .  f e e t .  
* = 1 6 .  feet = 4 . 8 7 6 8  meters 
***** T o t a l  dc r e s i s t a n c e  = 1.917803-05 Ohms - 1 9 . 1 7 8  
***** T o t a l  ac r e s i s t a n c e  = 1.96193E-05 Ohms = 1 9 . 6 1 9  
***** T o t a l  ac/dc r a t io  = 1 . 0 2 3 0  
microOhmS 
microOhms 
** E x t e r n a l  i n d u c t a n c e  = 2.7205E-05 Henry = 2 1 . 2 1  microHenry  
** I n t e r n a l  i n d u c t a n c e  = 4.0214E-06 Henry = 4 . 0 2 1  microHenry  
***** T o t a l  i n d u c t a n c e  = 3.12273-05 Henry = 31.23 microHenry  
**  I n t e r n a l  i n d u c t a n c e  is 1 2 . 8 8  Z OF TOTAL. 
L t o t a l / R d c  r a t i o  = 1 . 6 2 8  
L t o t a l / R a c  r a t i o  = 1 .592  
* Lex t /Rdc  r a t i o  = 1 . 4 1 9  
L e x t / R a c  r a t i o  - 1 . 3 8 7  
T o t a l  vo lume  of c o n d u c t o r  - 5 .0304  m**3 
T o t a l  mass of t h e  i n d u c t o r  = 13582.  k i l o g r a m s  = 29943 .  pounds.  
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NASA Langley Multi-HPG-powered DES Rallgun Computer Model 
Prolectlle Dlsplacement vs. Veloclty 
6 km/r roachod at a gun longth of 338 m 
Each HPG doros 60 MJ: Inductor: 20E-6 Ohm, 3lf-6 Honv 
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Pressure  Transducers 
I n  a d d i t i o n  t o  a c c e l e r a t i o n  d a t a ,  a i r  f o i l  s u r f a c e  pressure can be obtained i n  
a similar manner. This  measurement, i n  t h e  past, has been d i f f i c u l t  t o  ob ta in  be- 
cause of the  bulk of t he  t ransducer .  Conversion times required f o r  i n t e r p r e t a t i o n  
of analog s i g n a l s  i s  long compared t o  the  f l i g h t .  A d i g i t a l  method, using a bus com- 
pa tab le  pressure t ransducer  can be formed by fol lowing t h e  gene ra l  s o l u t i o n  and d a t a  
a c q u i s i t i o n  method of the  g r a v i t y  switches,  t h e  except ion being t h a t  t he  actual 
p re s su re  i s  t o  be measured wi th  t h e  use of a tact i le  membrane (1  s i d e  metal coated)  
us ing  t h e  pressure  t o  set a group of switches ( j u s t  as the  keyboard s t r i k e  of a 
pocket c a l c u l a t o r ) .  This device i s  a l s o  bus compatible and word o r i en ted ,  us ing  t h e  
p re s su re  from a tube  and po r t  located i n  t h e  a i r c r a f t  su r f ace  to  set t h e  switches 
which becomes d a t a ,  s to red  i n  the  on-board memory. By t ak ing  the  above phys ica l  
l ayou t ,  we can e a s i l y  rearrange t h e  database and use a computer a ided manufacturing 
system (CAM) system t o  p r e c i s e l y  draw each of t he  elements. Figure C-1 i l l u s t r a t e s  
a p res su re  switch,  developed as a microscale  t ransducer  t h a t  is s e n s i t i v e  t o  8 
pres su re  l e v e l s .  Increased r e s o l u t i o n  and range can be obtained by adding devices  
wi th  d i f f e r e n t  pressure  pad areas. 
The pressure  switch po r t ion  of t h i s  device f i t s  between the  bus and g a t e  d r i -  
ve r s  similar t o  the  board and bus l a y  out  of t h a t  of t he  G-switch. The formulas 
governing t h e  f o r c e s  a s soc ia t ed  wi th  the  p re s su re  switches are a s  follows: 
S = PIA 
F = MIA 
A Mylar@ dome formed wi th  0.005 in .  t h i c k  material with a dome formed wi th  a 
0.030 in.  he ight  and a 0.125 in .  diameter would have a fo rce  set p res su re  of 100 
psi.  Also a dome w i t h  a he ight  of 0.008 in. and a diameter  of 0.008 i n .  would have 
a f o r c e  set pressure  of 4,000 ps i .  By changing the  s i z e  of t h e  domes t o  a c t u a t e  a t  
p a r t i c u l a r  p re s su res  of i n t e r e s t ,  100 and 4,000 p s i a ,  i n  e i g h t  s t e p s  could be 
s e l e c t e d  from t a b l e  C-1. 
Compound pressure  gauges tha t  measure pressures  above and below a wing, can be 
cons t ruc ted  by t h i s  method. An i l l u s t r a t i o n  of a c i r c u i t  t h a t  forms t h i s  s enso r  as 
a board s t r u c t u r e  i s  shown i n  f i g u r e  C-2. 
Sensors can be placed on both s i d e s  of t h e  PC Board wi th  tubing connecting the  sen- 
sor t o  t h e  su r face  pressure  por t .  
Heating Rates 
Heating rates are bes t  measured by high melt ing,  small mass thermocouples. 
Calorimetry methods can be used t o  determine the  hea t ing  rates. The slow sample and 
hold devices ,  and the  t i m e  requi red  f o r  an  analog t o  d i g i t a l  (AID) conversion,  can 
be used t o  advantage when measuring hea t ing  rates. A block diagram of a calorimeter 
i s  shown i n  f i g u r e s  C-3a and b. 
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PRESSURE SWITCH 8 BIT WME SWITCH 
Figure C-1. Pressure switch 
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Table C-1. Gravity meter design parameters 
G-1 oad 8 k  9 k  10k 11k 1 2 k  13k 14b 15k 
Length 0.54 0.48 0.42 0.36 0.30 0.24 0.18 0.12 
Moment 0.27 0.24 0.21 0.18 0.15 0.12 0.09 0.06 
Width 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Th ickne 8 8 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 
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PRESSURE SWITCH 
W I T H  MULTIPLEXER 
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Figure C-3a. Calorimeter diagram 
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COLD JUNCTIONS 
Figure C-3b. Calorimeter PC board layout 
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Because the  A/D conversion and s e t t l i n g  time are a p a r t  of t he  so lu t ion ,  t he  
d a t a ,  as i t  becomes a v a i l a b l e ,  can be placed on the  multiplexed bus by skipping many 
c lock  cyc les  u n t i l  t he  d a t a  is  a v a i l a b l e  t o  write t o  memory. 
Spectral Response 
A parameter of i n t e r e s t  f o r  hypersonic f l i g h t  and reent ry ,  i s  s p e c t r a l  response 
t o  s tudy  the  r a d i a t i v e  p r o p e r t i e s  of n i t rogen ,  oxygen, carbon d ioxide  and a mixture 
of t h e s e  gases. A spectrometer  can be constructed by using a qua r t z  window (quar tz  
s p u t t e r e d  on g l a s s  would be more e f f i c i e n t )  wi th  an a r r ay  of t h i n  f i l m  evaporated 
pass  f i l t e r s  covering an a r r a y  of nine photodetectors ,  ( f i g .  C - 4 ) .  These photo 
dev ices  should have a response i n  the  range of 0.15 t o  1.25 pm. To be cons i s t en t ,  
a n  arrangement of t he  form of t h e  a c q u i s i t i o n  bus i s  proposed. An 8 b i t  x 10 p a r t  
i n t e n s i t y  spectrometer ,  i s  proposed and when enabled, w i l l  read i n t o  memory the  com- 
p l e t e  spectrum of t e n  r e l a t i v e  i n t e n s i t i e s  i n  150 ns. Should more than 8-bit  accu- 
racy  be needed, t h e r e  is t h e  opportuni ty  t o  p a r a l l e l  another device ,  t ak ing  over 
where the  f i r s t  device ran  of f  scale. I n  t h i s  manner, t he  same device types (by 
simply adding more) w i l l  cover ranges t o  s u i t  mission requirements. Resolution can 
be accomplished by making mul t ip l e  passes. 
Electromagnetic Flux  
By modifying t h e  c i r c u i t  t reatments  descr ibed above, a device t o  measure 
e l e c t r i c  f i e l d s  up t o  1 T could be added t o  the  a r r ay  of sensors ,  ( f i g .  C-5). It 
w i l l  be important t o  measure and record t h e  f i e l d  during the  launch t o  provide a 
q u a l i t y  a u d i t  of t he  launch system and a l s o  provide information f o r  more robust  
1 aunch sys  t ems . 
As with s p e c t r a l  response,  again the  concern i s  with wide range, and a l s o  high 
r e so lu t ion .  The s o l u t i o n  i s  again,  a combination of wide and narrow, f a s t  sensors .  
Three Axis Gyro 
Another device t h a t  would have u t i l i t y  on-board the  model would be a th ree  a x i s  
gyro. In  t h e  p a s t ,  a t t i t u d e  and p o s i t i o n  of a i r c r a f t  have been determined by 
r o t a t i n g  f lywheels ,  powered f i rs t  by vacuum, and la ter  by electric motors. A recent  
breakthrough i n  ins t rumenta t ion  i s  t h e  r i n g  laser f o r  motion de tec t ion .  These devi- 
ces can be b u i l t  as small as 10 cubic  cm f o r  one ax is .  The hypersonic  model s ize  
would accommodate a device of t h i s  t y p e ,  however, t he  support e l e c t r o n i c s  must a l s o  
be accommodated. A s i m p l i s t i c  approach is  borrowed from early ae ronau t i c s  ( b a l l  and 
needle) .  
A t t i t u d e  sens ing  i n  t h e  model, along with o t h e r  sensors ,  would produce Euler  
a n g l e s  while providing a f i r s t  s t e p  towards computer cont ro l led  f l i g h t  i n  the  tun- 





























Figure C-5. Electromagnetic flux sensor 
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Although the  model is t o  be acce lera ted  t o  10 km/s, t h e  f l i g h t  is f o r  now, 
unpowered, and is i n  a slowdown mode t h a t  is a f f e c t e d  by t h e  dens i ty  of t he  
atmosphere and the  drag of t h e  model. The g r a v i t y  t h a t  is experienced from i n s i d e  
t h e  model w i l l  be in a d i r e c t i o n  p a r a l l e l  t o  a l i n e  t h a t  passes  through the  cen te r  
mass and goes i n  the  d i r e c t i o n  of t he  nose, depending on the  ang le  the  model l e f t  
t h e  sabo t ;  i.e. 40" nose high, g r a v i t y  would be 40' lower than t h e  nose. For the  
case  where a model i s  r o l l i n g  on launch, t he  d e t e c t i o n  of t he  g r a v i t y  vec tor  would 
s t i l l  be t h e  same providing t h e  sensors  a r e  mounted i n  t h e  c e n t e r  of mass. 
An instrument could be composed and f a b r i c a t e d  using t h e  same techniques as 
descr ibed  above, t h a t  would i n d i c a t e  the  a i r c r a f t ' s  a t t i t u d e  dur ing  f l i g h t .  This 
dev ice  would be almost i n s e n s i t i v e  t o  the  d e c e l e r a t i o n  g r a v i t y  loads caused by 
i n c r e a s e  drag  due  t o  r een t ry  condi t ions.  Bearings and pendulums are out  of t he  
ques t ion  because of t he  i n t e r f e r e n c e  they would con t r ibu te  i n  t h i s  d i f f i c u l t  
environment. It i s  equiva len t  t o  a carpenter ' s  l e v e l ,  not  in f luenced  by the  dece- 
l e r a t i n g  fo rces  i n  o the r  axes. Figure C-6 i l l u s t r a t e s  t h e  concept. 
The switch pad is f a b r i c a t e d  by drawing ( p l o t t i n g )  a n i c k e l  polymer g r i d  over a 
concave por t ion  of the  subs t r a t e .  This system w i l l  d e t e c t  t he  a t t i t u d e  of t he  model 
wi th  respect t o  G d i r e c t i o n  over  an  angle determined by the  r a d i u s  of t h e  curva ture  
of the cave. To s impl i fy ,  t h i s  device measures i n  one axis only. Information about 
t h e  90" axis can be obtained by using an i d e n t i c a l  u n i t ,  mounted 90" angle  t o  the  
f i r s t  u n i t  (on top) ,  normal t o  t h e  expected g r a v i t y  vector .  By analyzing the  d a t a  
of bo th  sensors ,  a Euler  a n a l y s i s  can be made. The d a t a  a c q u i s i t i o n  rate is a l s o  25 
n s  wi th  8 p a r t  accuracy of t he  chosen angles.  
This device w i l l  not r ep lace  the  3-axis r i n g  laser gyro, bu t  may prove use fu l  
in this p a r t i c u l a r  app l i ca t ion  af ter  refinement. These sensors  can be drawn by CAM 
as one more p a r t  of a co l l age  t h a t  forms the  instrument  package. 
The physical  s i z e  of each of t he  instruments  are descr ibed f u l l  s i z e  i n  f i g u r e  
C-7. Because some of t he  sensors  a r e  pos i t i on  s e n s i t i v e  (gyro,  ca lor imeter ,  
spec t rometer ) ,  t hese  devices are t o  be cu t  from t h e  main PCBoard a f t e r  CAM and posi-  
t i oned  i n  the  model during investment cas t ing  (assuming the  model is f i l l e d  epoxy, 
no t  steel) .  
Packaged as a s t i c k ,  (figs. C-8a and b) ,  t h e  combination of sensors  is shown 
b e l w  as a combined database ready f o r  p lo t t i ng .  The c i r c u i t  is cast as a s t i c k  of 
silica f i l l e d  epoxy with t r a n s c e i v e r ,  b a t t e r i e s ,  and antenna t o  f i t  t he  smallest 
mode 1s . 
Wing Flexure 
To study every aspect  poss ib l e  i n  the  b r i e f  f l i g h t s ,  t he  s t r u c t u r a l  shapes of 
f l y i n g  bodies under stress may be of i n t e r e s t .  Because the  f l i g h t  bodies undergo 
very high s t r e s s e s ,  it may be poss ib le  t o  study these  f l y i n g  bodies  i n  r e a l  t i m e  
under highly stressed condi t ion (wings f lapping) .  To l i n k  t h e  paramet r ic  da t a  wi th  
t h e  s t r e s s e d  shape of t he  body, a s p e c i a l l y  cons t ruc ted  s t r a i n  gauge ( f i g .  C-9a) 
t h a t  placed d a t a  on the  bus would be ab le  t o  determine t h e  f l e x u r e  of t h e  wings and 
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control structures of the airplane. This can be accomplished by a variation of the 
above designs. 
This sensor can be embedded in the model (fig. C-9b) to determine the frame 
shape during flight, on a real time basis. By a combination of sensors, molded into 
a model, more flight data would be available from each flight. 
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Figure C-8a.  Composite instrument board layout 
SENSU? STICK 
AXIS mR0 
Figure C-8b. Instrument package potted as a sti l l  
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Figure C-9a. Wing f lex  sensor 
/-CAST IN EPOXY W I N G  
Figure C-9b. Wing f l ex  sensor mounted In model 
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